New and published major and trace element and isotope (O, Sr, Nd) compositions of the Late Quaternary rocks from the Central Kamchatka Depression (CKD) are used to demonstrate systematic changes in magma genesis along the northern segment of the Kamchatka Arc, above and north of the subducting Pacific slab edge. We envision a number of possible petrologic scenarios for magma generation beneath the CKD and formulate quantitative mass-balance models which lead to three major conclusions departing significantly from previous interpretations of the CKD rocks. First, this study demonstrates that eclogite melts contribute to the composition of virtually all CKD lavas and could be the major agent transferring material from the subducted slab to the mantle wedge, including fluid-mobile elements (e.g., K, Ba). Second, thermal state of the mantle wedge beneath the CKD has primary control on the major composition of primitive magmas, favoring production of low temperature andesitic and dacitic mantle melts toward the slab edge. Third, hydrous slab-fluids might not be required to generate CKD magmatism. Instead, strong enrichment in LILE, high δ 8 O and 87 Sr/ 86 Sr, in some CKD magmas could originate from assimilation of hydrothermally-altered mafic lithosphere. Several concurring factors could facilitate partial melting of the subducting slab beneath the all CKD volcanoes and favor variable modification of the eclogite melts during interaction with the mantle wedge. Large input from slab melting makes CKD magmatism unique in Kamchatka and may contribute to the CKD volcanoes being the most productive arc volcanoes on Earth.
. INTrODuCTION
The Kamchatka Peninsula forms the northern part of the Kuril-Kamchatka volcanic arc in the NW Pacific Ocean, a part of the circum Pacific "ring of Fire", and represents one of the most volcanically active regions on Earth. The largest and most productive arc volcanoes on Earth occur in the Central Kamchatka Depression (CKD), located adjacent to the Kamchatka-Aleutian Arc junction. During recent decades the CKD volcanoes have been the subject of many geochemical studies aimed at tracing their magmatic evolution, reconstructing the composition of mantle sources and understanding the reasons for the exceptional productivity of the volcanoes [e.g., Kersting and Arculus, 994, 995; Kepezhinskas et al, 997; Hochstaedter et al. 996; Pineau et al. 999; Turner et al. 998; Volynets 994; Volynets et al. 997; 998; 999; 2000; Yogodzinski et al. 200; Dorendorf et al. 2000; Churikova et al. 200; Ishikawa et al. 200; Dosseto et al. 2003; Bindeman et al. 2004 Bindeman et al. , 2005 proposed that the Pacific Plate is likely torn along the Western Aleutian F.Z. so that the Pacific Plate edge is subducting beneath Kamchatka at the arc junction [e.g., Yogodzinski et al. 200; Park et al. 2002; Levin et al. 2002; Davaille and Lees, 2004] . The data presented in Davaille and Lees [2004] suggests that the Pacific Plate may be torn along the Bering F.Z. Tracing this regional fault along its strike to Kamchatka, the edge of the subducted plate can be proposed to locate at ~57.3 o N beneath axial zone of the CKD. The largest CKD volcanoes likely take place above the subducting Pacific Plate, 60 to 200 km southwest from its edge. The Shisheisky Complex occupies the position nearly above the proposed slab edge. Farther north, the Komandorsky Plate was previously subducted beneath northern Kamchatka [e.g., Baranov et al. 99; Fedorov and Shapiro, 998; Kepezhinskas et al. 996; Park et al. 2002] . The mantle tomography data however suggests that neither previously subducted portions of the Pacific Plate nor Komandorsky Plate underlie the most northern Nachikinsky and Khailulia volcanoes. The Komandorsky Plate subducted beneath northern Kamchatka was proposed to have broken off and sunk into the deep mantle during the Cenozoic triggering asthenospheric upwelling Portnyagin et al. 2005a] .
Seismic data suggest progressively shallower subduction dips of the Pacific Plate toward its northern edge, from 45 o beneath Tolbachik volcano to 25 o beneath Shiveluch volcano, [Fedotov and Masurenkov 99; Gorbatov et al. 997; Park et al. 2002] . The upward bending of the Pacific plate towards the Kamchatka-Aleutian junction and its northern edge results in large variations in depths to the subducting slab beneath the active volcanoes along the CKD (80-80 km) whereas the distance from the volcanoes to the Kamchatka trench remains nearly constant (~200-250 km). Since the crustal thickness beneath the CKD is relatively constant (30-35 km) [e.g., Balesta, 98; Park et al. 2002; Bogdanov and Khain, 2000] , the mantle wedge thickness (i.e., "mantle column" beneath a volcano) decreases substantially towards the slab edge. The length of the mantle column, which can be potentially involved in magma generation, decreases from ~65 km beneath Tolbachik to ~55 km beneath Shiveluch volcano and may be even less above the slab edge (Table 3) . Gorbatov et al. [997] . Thick lines are major fracture zones (F.Z.). Approximate borders of the Central Kamchatka Depression (CKD) are shown in dashed lines. White circles denote volcanoes. "O&P Tolbachik" indicates Ostry and Plosky Tolbachik volcanoes and neighboring Tolbachinsky Dol areal volcanic field; "O&O Zimina"-Ostraya and Ovalnaya Zimina volcanoes; "B&M udina"-Bolshaya and Malaya udina volcanoes. Thick dotted line denotes position of the volcanic front in the central part of the Eastern Volcanic Belt (EVB). B) Geodynamic framework of magma generation beneath CKD (modified from Portnyagin et al. [2005a] . The Pacific Plate is likely torn along the Western Aleutian F.Z. The largest volcanoes in CKD (Tolbachik, Klyuchevskoy, Shiveluch) originate above subducted Pacific Plate. Shisheisky Complex could be formed above the slab edge. No subducted slab underlies volcanoes at the northern end of CKD (Nachikinsky and Khailulia).
Geochemical Database
In this work we have compiled ~900 chemical analyses of volcanic rocks from the CKD. With some exceptions (Kharchinsky and Nachikinsky volcanoes), we focused mainly on the most recent Late Pleistocene, Holocene and historical volcanic rocks, which might be representative of the present-day magma generation in the CKD.
The present compilation includes data from the following sources: () GEOrOC database of the Max-Plank Institut für Chemie (Mainz, Germany), (2) research papers and reviews mainly published in russian language and not included in the GEOrOC bank [Krivenko, 990; Fedotov and Masurenkov, 99; Fedotov, 983] , (3) reports of the russian Geologic Survey [Pilipchuk et al. 2006] , (4) our unpublished analyses. unlike existing web databases, analyses of the same samples published in different papers were mostly identified and linked excluding incomplete and multiple records. Analyses obtained before 970 [e.g., Erlich, 966] were not included because their quality can hardly be assessed and some data do not match more recent results. The data base was also screened for analyses of questionable quality and of highly altered rocks (L.O.I. > 3 wt %).
This compilation and complete list of references is available as auxiliary material on the CD-rom accompanying this manuscript. The geochemical data base on the CKD magmatism is a subject of ongoing development and the latest version is available on request from the first author.
Our original analyses were obtained at the Leibniz Institute for Marine Geosciences IFM-GEOMAr (Kiel, Germany). Details of the analytical technique are reported elsewhere [Portnyagin et al. 2005a] . representative analyses of volcanic rocks from the Shisheisky Complex, which are first published here, are shown in the Table . New Sr, Nd and O isotope data on rocks from different CKD localities are given in Table 2 .
The northern Kamchatkan volcanoes are not equally represented in the data base ( Figure 2 ). Different numbers of analyses for different volcanoes point to naturally biased interest of most researchers to active volcanism. The largest amount of data, more than 400 major element analyses, is available for Klyuchevskoy volcano; more than 00 analyses exist for Tolbachik volcano, 80 analyses for Shiveluch volcano (additional 86 analyses for Shiveluch volcano are provided by Ponomareva et al. [2006b] , this volume). Large data set also exists for Nachikinsky volcano resulting from its interesting tectonic position. Information about other volcanoes is less abundant. Volcanoes from southeastern part of the CKD (Bolshaya and Malaya udina, Ostraya and Ovalnaya Zimina) are not represented in the data base. Data from these volcanoes were last published more than 40 years ago [e.g., Erlich, 966] . Obtaining new compositional data from these volcanoes could be an important direction for future studies, particularly aimed at evaluating across-arc variations in the CKD.
We also note that better understanding of the origin of the CKD volcanism requires collection of reliable age data and careful examination of geochemical trends of magmas erupted from the same or neighboring volcanic centers through time. Detailed investigation of the Middle to Late Pleistocene lavas composing huge volumes of plateau basalts in the basement of the Klyuchevskoy Group and erupted through short interval of time at the rate comparable to the productivity of the Hawaiian shield volcanoes [Melekestsev, 980] also provide an intriguing direction for the future studies.
ALONG-ArC GEOCHEMICAL VArIATIONS

An Overview of Major Element Systematics
The CKD rocks span a large compositional range ( Figure  3 and 4). The majority of rocks are medium-K, low-to medium-Fe basalts to andesites of normal alkalinity. High-to medium-K low Mg subalkaline basalts and basaltic andesites, which often tend to have Fe-rich compositions, were very abundant at the initial stages of the CKD volcanism in the Middle-Late Pleistocene [e.g. Melekestsev, 980] . Presently, high-K rocks are restricted to the southern and western part of the Klyuchevskoy Group (Tolbachik, ushkovsky), occur in the Shiveluch Volcanic Group and compose the Late Pleistocene cinder cones and lava flows near Nachikinsky volcano. In contrast to southern Kamchatka, low-K rocks and highly evolved rocks (dacites and rhyolites) are extremely rare in the CKD and have not been documented among Holocene eruptions [e.g., Fedotov and Masurenkov, 99; Krivenko, 99; Volynets, 994; Ponomareva et al. 2007b] . Modal and chemical compositions of CKD rocks exhibit systematic variations along the strike of the volcanic arc [e.g., Fedotov and Masurenkov, 99; Yogodzinski et al. 200; Volynets, 994; Volynets et al. 1997; 999; 2000; Churikova et al. 200] , but these variations have not been evaluated in detail thus far.
rocks from the southern and western parts of the K ly uchevskoy G roup (Tolbach i k a nd ush kovsk y volcanoes) and spatially related monogenetic volcanic fields of cinder cones and lavas are medium-to high-K basalts and trachybasalts, ranging to trachyandesites at ushkovsky volcano (Lavovy Shish vent, V. Ponomareva, 2006, pers. comm.) (Figure 3 ). Phenocrysts are rare in primitive basalts and usually represented by high-Fo olivine and Ca-pyroxene. Evolved rocks are plagioclase-pyroxene phyric. Hydrous phases (amphibole, phlogopite) [Portnyagin et al., 2005a, Supplement] #40 is average composition of rhyolitic glasses from partially melted/reacted xenoliths in the Shisheisky Complex rocks. Major elements are by electron probe (average from 3 analyses), trace elements by ion probe (average from 3 analyses).
Major elements in wt %; trace elements in ppm. Mg# refers to 00*MgO/(MgO+FeO) calculated on molar basis, where FeO is total Fe content expresed as FeO. [Portnyagin et al. 2005a, Supplement] Oxygen isotope composition of mineral phenocrysts (δ8O SMOW ) separated from crushed rocks was analyzed by laser fluorination at the university of Oregon and California Institute of
Technology, see Bindeman et al. [2004 Bindeman et al. [ , 2005 and Portnyagin et al. [2005a] for previously reported analyses and analytical details. The overall analytical uncertainty on single measurements was better than 0.20‰ (2σ).More than one δ8O value reported for some samples refer to the analyses of different crystals.Mineral analyzed for oxygen isotope composition is indicated in "phase" collumn (ol (xen)-olivine (xenocrystic); opx -orthopyroxene, amph -amphibole).
Complete major and trace element analyses of rocks can be found in the Suplementary Materials accompanying this manuscript. Analyses of O and Sr marked with asterisk (*) were previously reported by Bindeman et al. [2005] ; those with two asterisks (**) are from Portnyagin et al. [2005a] .
phenocrysts (up to 2 cm). The mega-plagiophyric trachybasalts compose the pedestal of the Klyuchevskoy Group and, although geochemically not completely identical (M. Portnyagin, unpublished data), were last erupted from the Southern Vent of the Great Fissure Tolbachik Eruption in 975-976 [Fedotov, 983] . These rocks belong to Fe-rich series and have the lowest SiO 2 and the highest FeO (here and thereafter FeO refers to total Fe expressed as FeO) compared to rocks from other CKD volcanoes (Figure 3, 4) . These basalts are also distinctively enriched in TiO 2 , CaO, K 2 O and have relatively low Na 2 O and Al 2 O 3 when compared to other CKD rocks at similar MgO (Figure 4 ). Detailed description of rocks from the Tolbachik volcano and the neighboring Tolbachinsky Dol areal volcanic field can be found in the work by [Fedotov 983 ]. Klyuchevskoy volcano, its predecessor Kamen' volcano and Bezymianny volcano predominantly comprise medium-K, olivine-pyroxene-plagioclase-phyric basaltic andesites (Klyuchevskoy and Kamen') and two-pyroxene-plagioclase and amphibole-plagioclase andesites (Bezymianny). The rocks belong to the medium-Fe arc series and have SiO 2 , TiO 2 , FeO, CaO, Na 2 O intermediate between Tolbachik rocks and those from volcanoes located further north ( Figure  3, 4) . A distinctive feature of the Klyuchevskoy rocks is relatively low K 2 O content ( Figure 3B ). Low-MgO, highAl basaltic andesites (Al 2 O 3 up to 20 wt %) are common eruptive projects of Kluchevskoy (Figure 4 ). rocks from Klyuchevskoy volcano are described in numerous publications [e.g., Khrenov et al. 989; Khubunaya et al. 994; Kersting and Arculus, 994; Ariskin et al. 995; Dorendorf et al. 2000; Ozerov, 2000; Mironov et al. 200] .
Volcanoes located to the north of the Kamchatka river (Shiveluch, Zarechny, and Kharchinsky) predominantly comprise medium-to low-Fe, medium-K calc-alkaline basalts, basaltic andesites and andesites (Figure 3) . With rare exception, rocks from Kharchinsky volcano, related cinder cones and from the Baidarny Spur of the Late Pleistocene Shiveluch volcano edifice are similar to rocks from Klyuchevskoy volcano yet tend to have higher K 2 O content [e.g. Volynets et al. 999; 2000] . rocks from Zarechny volcano and many rocks from Shiveluch volcano are high Mg# calc-alkaline basaltic andesites and andesites [e.g. Volynets et al. 997; 999, 2000; Churikova et al. 200; Ponomareva et al. 2007b] and have lower FeO, CaO, TiO 2 and higher SiO 2 and Na 2 O at similar MgO compared to Klyuchevskoy volcano ( Figure  4) . A distinctive feature of these rocks is the wide occurrence of amphibole, which is common not only in andesites but is also present in more basic rock types together with Ca-pyroxene and olivine. rare rocks with Mg-rich phlogopite phenocrysts, which are unique in the CKD, were described on Kharchinsky volcano (crater extrusion) and among the Holocene pyroclastic deposits of Shiveluch volcano (basaltic tephra, 3600 BP) [Volynets et al. 999; 2000; Ponomareva et al. 2007b] . Petrologic information about the northern CKD volcanoes is relatively abundant [Fedotov and Masurenkov, 99; Volynets et al. 997; 998; 999; 2000; , although the amount of high quality geochemical data is still relatively small compared to the great emphasis to these volcanoes in the literature. To some extent, this gap is filled by the large data set on the Holocene products of Shiveluch volcano presented in the work by Ponomareva et al. [2006b] . Geochemical data on rocks from the remote Shisheisky Complex are sparse. This volcanic complex is very unusual for the CKD because there is no large volcano in the vicinity and the volcanic activity was related to numerous small monogenetic lava vents and extrusions forming several NW-SE trending chains coinciding with the strikeslip Western Aleutian F.Z.. The majority of the Shisheisky Complex rocks are medium-K low-Fe, strongly calc-alkaline basalts, basaltic andesites and andesites with Mg#>0.6 and SiO 2 up to 63 wt% (Figure 4 , Table ) . Evolved andesites, dacites and rhyolites also present in subordinate amount. A peculiar feature of the Shisheisky Complex rocks is the absence of plagioclase phenocrysts in all rock types. Olivine and clinopyroxene phenocrysts occur in basalts and basaltic andesites. Amphibole and Mg-rich orthopyroxene (Mg#=0.86-0.90, our unpublished data) are the major phenocryst phases in high-Mg# andesites and dacites. Quartz xenocrysts surrounded by shells of dacitic to rhyolitic glasses (Table ) including peculiar low-Al (Al 2 O 3 < wt %) clinopyroxene crystals, very similar to those described in primitive andesites from Mexico [Blatter and Carmichael, 998] , occur in some andesites. Additionally, xenogenic mantle olivines (Fo=89-90 mol%, CaO<0.05 wt%, NiO = 0.35-0.38 wt%, δ 8 O olivine =5.43 ‰, Table 2 and our unpublished data) were found in andesite G3277 (Table ) . In the general CKD systematics, the Shisheisky basalts are broadly similar to high-Mg# basalts from other CKD localities ( Figure  4 ). More SiO 2 -rich rock varieties, primitive andesites and dacites, have the lowest FeO, CaO, TiO 2 and the highest SiO 2 and Na 2 O at similar MgO compared to all volcanoes in the CKD (Figure 4 ) and represent the most extreme calc-alkaline rocks in the CKD (Figure 3 ). Some additional information of the Shisheisky Complex can be found in the reports of the Geologic Survey [Pilipchuk et al. 2006] and will be published elsewhere (Portnyagin et al. 2007, manuscript in preparation) .
rocks of Nachikinsky volcano at the northern end of the CKD span a particularly large compositional range. The oldest, Pliocene-Early Quaternary (?), rocks are low-Fe, medium-to low-K pyroxene and amphibole andesites and dacites ( Figure 3, 4) , which are geochemically similar to the Pliocene andesites from the isthmus of Kamchatka [Fedorov and Shapiro, 998; Kepezhinskas et al. 997] . The most recent Late Pleistocene rocks are moderately Fe-rich, high-to medium-K olivine-plagioclase-pyroxene trachybasalts and basaltic trachyandesites sampled near Nachikinsky volcano. In comparison with high-K trachybasalts from Tolbachik volcano, these rocks have higher Na 2 O, Al 2 O 3 and lower CaO (Figure 4 ). Data on rocks from Nachikinsky volcano and from neighboring areas were published by [Litvinov et al. 99; Portnyagin et al. 2005a] . 
Major Elements in Primitive Magmas
An overview of the major element systematics of CKD magmas given in the previous section reveals some systematic changes in magma geochemistry along the arc strike. It, however, remains unclear to what extent the variations are related to compositional diversity of parental magmas or reflect different fractionation paths of similar parental magmas which might also involve substantial crustal assimilation or crustal derivation [e.g., Bindeman et al. 2004] . To resolve this question, we focus on the most primitive rocks, which have compositions that are close to being in equilibrium with the mantle wedge and thus could represent weakly fractionated parental melts. Fortunately, such rocks are very abundant in the CKD ( Figure 2B ). Following Kelemen et al. [2003a] , we classify as "primitive" those rocks which have Mg#>0.6 where Mg#=MgO/(MgO+FeO) calculated on molar basis. We note that the criterion of Mg#>0.6 to screen evolved rocks is rather strict and excludes the majority of rocks referred in literature to as "high-magnesian". For example, among 86 analyses of high Mg# basalts, basaltic andesites and andesites (Mg#=0.5-0.74) from the Holocene Shiveluch deposits reported by [Ponomareva et al. 2007b] only 23 samples fulfill the criterion Mg#>0.6 and can be considered as primitive.
Here we assume that the primitive CKD rocks are informative of the parental melt compositions. Strictly speaking, this assumption is fully applicable only to aphyric primitive rocks, which are rare in the CKD and occur mainly in the Tolbachinsky Dol and Shisheisky Complex. Some of so called "primitive" rocks can originate by accumulation of mafic phenocrysts in highly evolved magma and are not representative of the true parental melts [e.g. Portnyagin et al. 2005b] . Nevertheless, we illustrate in the following paragraphs that major and incompatible trace elements in the primitive CKD rocks vary very systematically along the arc, and this systematics can hardly be generated by accumulation or fractionation of mafic minerals. We believe that the complex analysis of statistically large data set adopted here does allow assessing variability of the parental CKD melts, although differentiation processes also can not be excluded as responsible for some additional scatter of the primitive rock compositions.
The average primitive compositions for each volcano are shown in Table 3 and plotted versus inferred distance from the Pacific slab edge in Figure 5 . As illustrated by the data, concentrations of major elements in the primitive magmas change very regularly along the CKD. Primitive rocks of Tolbachik volcano have exclusively basaltic compositions. SiO 2 concentrations in primitive rocks become increasingly variable to the north, and the average compositions change to andesitic in the Shisheisky complex. Primitive basalts occur in all localities, while primitive andesites were found only in the proximity to the inferred slab edge. Other major elements strongly correlate with SiO 2 (Figure 5, 6) Figure 5, 6 ). The lowest K 2 O was found in the Klyuchevskoy rocks, the highest in Zarechny, Kharchinsky, Shiveluch and Shisheisky rocks.
Occurrence of high-Mg# and primitive andesites is a distinctive feature of the CKD volcanoes. In global systematics of primitive andesites, the rocks have relatively low CaO, TiO 2 but high Na 2 O, FeO and MgO at a given SiO 2 content compared to classic Adak-type primitive andesites from the Western Aleutian Arc and southern Chile [Kay, 978; Yogodzinski et al. 995; Stern and Kilian, 996; Bindeman et al. 2005] and are more similar to primitive andesites from Piip volcano in the Western Aleutian Arc [Yogodzinski et al. 994] (Figure 6 ).
Primitive rocks of Nachikinsky volcano exhibit very scattered compositions. Early Quaternary (?) high Mg# rocks of this volcano have andesitic and dacitic compositions and fall on extrapolations of trends defined by the CKD magmas from southern localities, having even more Si-rich and Fe-, Ca-and Ti-poor compositions (Table 3, Figure  5 ). The Late Pleistocene high Mg# rocks of Nachikinsky volcano and primitive melt inclusions in olivine ) from these rocks [Portnyagin et al. 2003 and unpublished data] have low-Si, high-Ti and high-K trachybasaltic compositions (Table 3, Figure 5 ), which are unlike any other primitive magma in the CKD, and indicate distinct conditions of magma generation beneath Nachikinsky volcano in the Late Pleistocene in comparison to the southern CKD volcanoes.
It is interesting to note that the compositional trends of the primitive CKD magmas are qualitatively very similar to those which can be inferred from the compositions of more evolved magmas as was previously suggested by [Volynets, 994] and on the global basis by [Plank and Langmuir, 988] . This is well demonstrated by the strong correlations between average compositions of primitive magmas and the compositions corresponding to MgO=6 wt%, derived from the compositional trends of all rocks from a particular volcano plotted versus MgO [e.g., Plank and Langmuir, 988] (Figure 7 ). These correlations demonstrate that, at least in the case of the CKD, compositional peculiarities of low-MgO rocks should be in many aspects inherited from their parental magmas (see also [Grove et al. 2003; Kelemen et al. 2003a; Green et al. 2004] 
Trace Elements in Primitive Magmas
Trace element geochemistry of the northern Kamchatka lavas has been discussed in many publications over the past years [e.g., Kepezhinskas et al. 997; Hochstaedter et al. 996; Turner et al. 998; Churikova et al. 200; Dorendorf et al. 2000; Volynets et al. 2000; Münker et al. 2004; Portnyagin et al. 2005a ]. Here we briefly evaluate the systematics of selected trace elements (Ni, V, y, Zr, Nb, Sr, Ba) in primitive magmas, primarily because these elements span several geochemical groups (e.g., LILE, HFSE, rEE-proxy y) and thus allow us to constrain mass-balance models involving partial melting and fluid and melt fluxing. Additionally, analyses of these elements are relatively abundant in the literature, since they are routinely determined by XrF and their analytical precision is satisfactory. Our goal here is to assess along-arc variations of a range of trace elements, and to evaluate correlations of these trace elements with major elements in primitive lavas (Table 3, Figure 5 and 8).
2.3.1. Nickel. Concentrations of Ni are high in all primitive magmas (00-240 ppm in the volcano averages, Table 3 ) and do not correlate with major and incompatible trace elements ( Figure 5 ). Primitive rocks from single volcanoes exhibit correlations of Ni and MgO (for example, Klyuchevskoy rocks) suggesting that our compilation of primitive rocks includes rocks differentiated to some extent. This variability in refractory elements, however, can be explained by minor (several percent) fractionation/accumulation of olivine and does not affect the major conclusions of this study. Noteworthy, primitive andesites from the Shisheisky Complex have Ni content even higher compared to the majority of primitive basalts and basaltic andesites from the southern Klyuchevskoy and Tolbachik volcanoes ( Figure 5 , Table , 3), which can not be explained by accumulation of olivine in the Shisheisky andesites, which are typically free of magmatic olivine phenocrysts and have significantly lower MgO content than primitive CKD basalts.
Vanadium and yttrium.
Systematics of V, y (and heavy rEE: Dy through Lu; our unpublished data) in the primitive CKD magmas is very similar to that of TiO 2 . Concentrations of these elements correlate strongly with major elements (Si, Fe, Ca, and Na) along the arc strike. The highest V and y concentrations were found in the Tolbachik volcano lavas. Their concentrations decrease to the north, have minimum values in magmas of the Shisheisky Complex and then increase again in magmas of Nachikinsky volcano at the northern end of the volcanic belt ( Figure  5 ). Because Ti and V are compatible elements with Fe-Ti oxides and y is not compatible, the coupled behavior Ti, V and y precludes fractionation of Fe-Ti oxides as the main reason for the compositional variability in the CKD primitive rocks.
Fractionation between heavy rEE is rather weak in the majority of the CKD rocks [Portnyagin et al. 2005a] . Dy/yb in primitive basalts and andesites from the southern CKD volcanoes including Shiveluch volcanic group are similar and relatively low (.7-2.0), yet slightly higher on average compared to N-MOrB (.5-.9 [Hofmann, 988; Sun and McDonough, 989] ). Thus, primitive andesites from Kamchatka do not exhibit strong garnet signature in their rEE patterns unlike high-Mg# andesites from the neighboring Western Aleutian Arc [Yogodzinski et al. 995] . Primitive basalts and melt inclusions from Nachikinsky volcano have distinctively high Dy/yb (up to 2.5) indicating a greater role for garnet in their source compared to the southern CKD volcanoes [Portnyagin et al. 2005a] .
Niobium and zirconium.
Enrichment in Nb (up to 60 ppm) and Zr (up to 250 ppm) is a characteristic feature of the most recent rocks and primitive melt inclusions from Nachikinsky volcano ( Figure 5 ). They have high Nb/y (up to .4) and Zr/y (up to 4) exceeding those in typical MOrB [Hofmann, 988; Sun and McDonough, 989] and suggest derivation from relatively fertile mantle sources (see also Figure 0 ). rocks from southern localities have significantly lower Nb (0.6-5 ppm) and also lower Zr (70-200 ppm) within primitive MOrB range. Among CKD rocks, the lowest Nb concentrations and Nb/y ratios are characteristic of Klyuchevskoy, Zarechny and Shiveluch rocks ( Figure 5 ). rocks from the Shisheisky Complex and Tolbachik volcano have slightly higher Nb, although its concentrations are still far below those of the Nachikinsky rocks. Zr/y ratio (not shown) increases from the south towards the slab edge, reaching very high values in magnesian andesites from the Shisheisky Complex (up to ), almost as high as in Nachikinsky volcano. Some Kharchinsky rocks also have high Zr and Zr/y, which however do not correlate with the major elements. .
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.078 a) Estimated after Gorbatov et al. [997] . b) Estimated assuming crustal thickness 35 km beneath all volcanoes [Fedotov and Masurenkov, 99; Park et al. 2002] . c) Compositions of parental melts calculated in the Petrolog 2.0 software [Danyushevsky et al. 2002] from the average primitive compositions by addition of olivine (0.% increment) until equilibrium with olivine Fo9; oxygen fugacity was assumed to correspond to the Ni-NiO buffer.
d) Amount of olivine added to the composition of primitive melt to achieve equilibrium with olivine Fo9. e) Temperature of saturation of parental magmas with olivine at 0.00 GPa pressure and dry conditions (H 2 O=0) calculated according the model by [Ford et al. 983] .
f) Temperature of saturation of parental magmas with olivine at GPa (i.e., below the Kamchatkan crust) under hydrous conditions. Amount of water in melt was estimated from the "reaction model" (2A) with H 2 O in dacite component 8 wt%. Decrease of liquidus temperature due to water addition was acconted according the model by and the slope of olivine liquidus 50 o /GPa [Ford et al. 983] .
g) Here and thereafter "m.f." refers to mass fraction. h) and i) Amount of water in melt (h) and its mantle source (i) calculated from the different models. Initial mantle H 2 O content was assumed to be 6 ppm, H 2 O bulk partition coefficient 0.02 [Stolper and Newman, 994] and amount of H 2 O in primitive dacite component 8 wt%.
j) Sr and Nd isotope composition of primitive trachybasalt P-74-02; O-isotope composition of olivine from samples N44-A and N45-A [Portnyagin et al. 2005a] . Table 3 . Cont.
Geochemistry of Primitive Lavas of the centraL KamchatKa DePression
Figure 5. Along-arc variations of major and trace elements in primitive (Mg#>0.6) CKD lavas plotted versus inferred distance from the Pacific slab edge along the SW-NE arc strike. Labels at the top correspond to volcanoes: T-Tolbachik, u -ushkovsky, K-Klyuchevskoy, Z -Zarechny, Khr -Kharchinsky, Shv -Shiveluch, Shs -Shisheisky complex, Kha -Khailulia, N -Nachikinsky. Black dots are compositions of all primitive lavas; large open circles are volcano averages (see Table 3 ); oblique crosses are compositions of melt inclusions in primitive olivine ) from the most recent Nachikinsky lavas [Portnyagin et al. 2003 and unpublished data] ; open square is average composition of the Nachikinsky melt inclusions (Table 3) . Solid line connects volcano averages for the Late Pleistocene-Holocene compositions along the CKD. Labelled arrow shows evolution of compositions of Nachikinsky primitive magmas from Early Quaternary (Q ) through Late Pleistocene (Q 3 ) [Portnyagin et al. 2005a] . The Pacific Plate is proposed to be torn along the Bering F.Z. [Davaille and Lees, 2004] . [Yogodzinski et al. 994] ; "W.Aleut." -high Mg# andesites from the Kamchatsky Strait, Western Aleutian Arc [Yogodzinski et al. 995] ; "Cook" -high Mg# andesites from Cook Island, Southern Chile [Stern and Kilian, 996] ; "Kam. veins" -throndhjemitic veins in mantle xenoliths from Tymlat area on the isthmus of Kamchatka [Kepezhinskas et al. 995, 996] ; "H-97" -water-saturated partial melts from fertile peridotite KLB- [Hirose, 997] . Encircled "D" refers to the inferred composition of the primitive dacite component. Arrows denote general trends of the primitive CKD rocks.
Strontium and barium. rocks from the
is evident even when comparing the most southern volcanoes, Tolbachik and Klyuchevskoy, which have systematically different Sr/y (Table 3) . We note, however, that the maximum Sr concentrations and Sr/y ratios were found in rocks from Kharchinsky volcano (Figure 5, 8) , which do not have distinct major element compositions, being high-K basaltic andesites. Magnesian andesites from the Shisheisky Complex and Shiveluch volcano have somewhat lower Sr/y (~50) than Kharchinsky rocks but still significantly higher than rocks from the Klyuchevskoy Group. North of the slab edge, Nachikinsky rocks have on average similar Sr concentrations and slightly lower Sr/y ratios compared to the Shiveluch Group. Concentrations of Ba vary within a relatively narrow interval (200-600 ppm) in the majority of the CKD rocks. Exceptionally high Ba concentrations (up to 500 ppm) and Ba/Nb (up to 600) are characteristic of rocks from Kharchinsky and Zarechny volcanoes (Figure 5, 8) , which as noted above also have high Sr and Sr/y. Compared to the southern volcanoes, Nachikinsky rocks have slightly lower Ba concentrations and distinctively lower Ba/Nb (7-23) and Ba/Zr (0.7-2.5) approaching compositions of oceanic basalts [Portnyagin et al. 2005a] (Figure 8 ).
Oxygen Isotopes
Presently available data set on oxygen isotope composition of lavas and minerals from the northern segment of the Kamchatka arc includes about 00 published analyses [e.g., Pokrovsky and Volynets, 999; Pineau et al. 999; Volynets et al. 200; Dorendorf et al. 2000; Bindeman et al. 2004; 2005; Portnyagin et al. 2005a] . In this study we focus on laser fluorination analyses of olivine crystals from primitive to intermediate lavas, which provide direct information about the composition of mantle sources and are generally more precise (external precision is ~0.‰) compared to bulk rock analyses [e.g., Bindeman et al. 2004] . Amphibole analyses were also used for Shiveluch volcano and Shisheisky Complex. Amphibole has O isotope values 0.2-0.4‰ higher than olivine with which it is in equilibrium at high temperatures of basaltic magmas, and the oxygen isotope compositions of olivine and amphibole differ only by this slight amount for magmas of similar compositions [Eiler, 200; Bindeman et al. 2004] . New 22 analyses of olivine and amphibole from the CKD rocks obtained with the help of high precision laser fluorination technique are shown in Table 2 .
The distinctive and spectacular feature of CKD magmatism is the large range of oxygen isotope compositions (δ 8 O olivine = 5.-7.2‰) and prevalence of compositions with unusually high 8 O/ 6 O compared to the majority of subduction-related magmas [e.g., (Figure 8, 9 ). To our knowledge, these are the highest δ 8 O olivine values measured to date. The lowest δ 8 O olivine (5.-5.2‰) in the northern Kamchatka, which are within the range of MOrB olivine compositions (5.0-5.4‰) [Eiler, 200] , were reported for olivines from Khailulia and Nachikinsky trachybasalts, which also have very low Ba/Nb, La/Nb and MOrB-like 87 Sr/ 86 Sr [Portnyagin et al. 2005a] . Olivines separated from more evolved rocks of these volcanoes have higher δ 8 O olivine (up to 5.8 ‰). Olivine and amphibole phenocrysts from southern CKD lavas have systematically higher δ 8 O olivine than MOrB. Olivines from Tolbachik lavas exhibit relatively small range of compositions slightly higher than the MOrB range (δ 8 O olivine = 5.4-6.0 ‰, Table 2 ). Compositions of olivine and amphibole from other volcanoes are highly scattered. Particularly large range is observed for Klyuchevskoy volcano (δ 8 O olivine = 5.8-7.2 ‰), where the oxygen isotope Comparison of average compositions of primitive lavas (Mg#>0.6) and compositions at MgO = 6 wt. % inferred from approximation of all data for every particular volcano [Plank and Langmuir, 988] . Labels refer to volcano names as in Figure 5 . Good correlations imply that differences in composition of evolved lavas are inherited from differences in their parental magmas. In particular, difference in the composition of parental magmas readily explains contrasting tholeiitic (e.g., Tolbachik) and calc-alkaline (e.g., Shiveluch) trends as suggested previously by [Volynets et al. 2000; Kelemen et al. 2003b; Green et al. 2004] .
composition of olivine phenocrysts appears to correlate with K 2 O, u, Ba, LrEE in the host lavas [Dorendorf et al. 2000] . High δ 8 O olivine (6.4-6.5 ‰) were also reported for olivines from Zarechny and Kharchinsky volcanoes [Bindeman et al. 2005] . Compositions of amphibole and olivine from Shiveluch volcano [Bindeman et al. 2004; 2005] and Shisheisky Complex (Table 2) When δ 8 O in minerals are plotted versus SiO 2 in their host rocks, two distinct trends can be recognized ( Figure  9 ). Tolbachik, Klyuchevskoy, Zarechny, Kharchinsky and some Shisheisky high-Mg# (Mg# > 0.55) rocks define a steep trend toward extremely high δ 8 O olivine (up to 7‰) at relatively low SiO 2 ≤ 54wt%. Primitive to moderately fractionated rocks from Shiveluch, Shisheisky and Nachikinsky volcanoes define a shallow trend of only slightly increasing δ 8 O olivine (up to ~6 ‰) over a large increase in SiO 2 (up to 63 wt%). Both trends converge at low δ 8 O olivine (5.2-5.4 ‰) and SiO 2 (48-50 wt %) to values in the range of primitive Nachikinsky rocks (Figure 9 ), characteristic of typical MOrB [Eiler, 200] .
Neodymium and Strontium Isotopes
Nd isotope ratios in the CKD rocks from the literature sources [Kepezhinskas et al. 997; Dorendorf et al. 2000; Volynets et al. 2000; Churikova et al. 200; Dosseto et al. 2003; Portnyagin et al. 2005a; Bindeman et al. 2004; 2005] and obtained in this works (Table 2) Available estimates for Nd isotope composition of sediments possibly subducting beneath Kamchatka range from ~0.5234 [Plank and Langmuir, 998 ] to 0.5264-0.5276 [Duggen et al. 2006 ] depending on the amount of volcanic ash layers in the sedimentary columns assumed to derive the average sediment composition. These values are significantly less radiogenic compared to generally MOrB-like Nd-isotope ratios in the CKD rocks. The bulk amount of subducted sediments involved in genesis of the most CKD magmas is therefore limited by -2 wt % or less, considering mantle -sediment melt mixtures [e.g. Kersting and Arculus, 995; Kepezhinskas et al. 997; Turner et al. 998; Ishikawa et al. 200; Churikova et al. 200] . Somewhat higher amount of sedimentary material compared to other volcanoes could be Figure 5 . range of MOrB compositions is after [Sun and McDonough, 989; PETDB, 2004; Eiler, 200] . Sr and Nd isotope data are from [Kepezhinskas et al. 997; Dorendorf et al. 2000; Volynets et al. 2000; Churikova et al. 200; Dosseto et al. 2003; Portnyagin et al. 2005a; Bindeman et al. 2004; 2005; and this study] . Laser fluorination O isotope data on olivine and amphibole separates are from this study and [Dorendorf et al. 2000; Bindeman et al. 2004; 2005] . Trace elements are from numerous sources (see reference list in the Supplementary Data Tables).
involved in the genesis of the Shisheisky Complex rocks, shifting 43 Nd/ 44 Nd to lower values. More quantitative estimates of the amount of sediments involved in the genesis of the CKD magmas would be possible with data on Pb-isotope compositions of the CKD rocks, which is beyond the scope of this work.
Sr isotope ratios reported in [Kepezhinskas et al. 997; Dorendorf et al. 2000; Volynets et al. 2000; Churikova et al. 200; Dosseto et al. 2003; Portnyagin et al. 2005a; Bindeman et al. 2004; 2005] and from this study (Table 2) [Portnyagin et al. 2005a] , which correlate with relatively low 43 Nd/ 44 Nd (0.52974-0.52984). Compositionally these basalts are similar to some alkaline basalts from the area nearby Ichinsky volcano in the Sredinny range [Churikova et al. 200] and suggest involvement enriched (EM-?) material in the genesis of some recent rocks from the northernmost volcanoes in the CKD. [PETDB, 2004; Eiler, 200] . Encircled "D" refers to the inferred composition of the primitive dacite component in plot (A) and to the range of possible compositions in plot (B). Labelled curves demonstrate trajectories of mixing between the primitive dacite melt component and () depleted MOrB and (2) primitive trachybasalt from Nachikinsky volcano (sample P-74-02 from [Portnyagin et al. 2005a] 
DISCuSSION
Major Components in the CKD Magmas
Several previous works identified the major sources that contribute to the compositional diversity of the CKD magmas to be (i) mantle wedge, (ii) subducting plate, and (iii), possibly, an overriding lithospheric plate [e.g., Kepezhinskas et al. 997; Churikova et al. 200; Münker et al. 2004; Dosseto et al. 2003; Bindeman et al. 2004; Portnyagin et al. 2005a ]. The picture is however far from the quantitative understanding of the importance of these sources in creating compositional diversity of the CKD magmas. Thus, our first goal here is to identify the principle geochemical components contributing to the CKD magmas, which would make possible to elucidate their sources and propose quantitative and predictive geochemical models explaining much of the geochemical variability in the CKD in terms of few compositional variables and processes.
As evident from simple binary diagrams ( Figure 6 , 9), the major and trace element and Sr-Nd-O isotope variations of the primitive CKD magmas can be at first glance described in terms of three-component mixing. Much of the major element variations are explained by mixing of basaltic and dacitic primitive melts. Primitive basalts clearly require mantle source. The origin of the primitive dacitic component introducing "adakitic" signature to the northern CKD rocks [e.g. Yogodzinski et al. 200 ] is uncertain and should be specifically discussed. Third component(s) contributes to high K 2 O, Ba, Sr, 87 Sr/ 86 Sr and δ 8 O but has little or no effect on major and moderately incompatible (Ti, y, V) element contents. High Ba/Nb and 87 Sr/ 86 Sr suggest that this component may be hydrous fluid derived from the subducting plate [e.g. Kepezhinskas et al. 997; Churikova et al. 200 ]. While extremely high δ 8 O in some CKD rocks suggest massive crustal assimilation [Bindeman et al. 2004 ]. Below we discuss the key compositional features of these major components and their possible origin.
Mantle Component(s)
High Mg# and Ni content in primitive CKD rocks leave no doubts that their primary melts were derived from the mantle wedge or, at least, interacted with high-Mg# mantle peridotite on their way to surface. Composition of the pristine mantle wedge below Kamchatka, that is mantle composition as it was before involvement in magma generation processes, has been discussed in numerous publications [e.g., Kersting and Arculus 995; Turner et al. 998; Kepezhinskas et al. 997; Churikova et al. 200; Münker et al. 2004; Portnyagin et al. 2005a] . Most of these works focused on the isotope composition of the mantle wedge. Major and trace element composition of the mantle is more difficult to constrain because the estimates depend on the processes involved, and there have been few attempts specifically addressing this important question [e.g., Hochstaedter et al. 996; Kepezhinskas et al. 997] .
In general, CKD basalts and, particularly, those from Tolbachik and ushkovsky volcanoes are similar to primitive MOrB in terms of major elements (Figure 6 ). High CaO, TiO 2 and Na 2 O in these basalts suggest relatively fertile lherzolitic mantle beneath northern Kamchatka, which is similar to common MOrB source or even more fertile beneath the northernmost Nachikinsky volcano [Portnyagin et al. 2005a] . Melting of fertile (primitive mantle-like [McDonough and Sun, 995] ) to slightly Nb-depleted mantle beneath CKD is also in agreement with the Nb-y systematics in the primitive magmas (Figure 0 ). Significantly Nb-enriched sources are apparently required for parental Nachikinsky magmas.
There appears to be little evidence for the large scale two-stage mantle melting proposed for the origin of the CKD magmas [e.g. Hochstaedter et al. 996] . At least, the idea about re-melting residues after extraction ushkovsky magmas beneath Klyuchevskoy volcano [Hochstaedter et al. 996] clearly does not meet our data (Figure 0 ). Parental magmas of these volcanoes can be produced by different degrees of melting of the same fertile source similar to the primitive mantle. Weather the residues of the plateau basalts in the basement of the Klyuchevskoy Group can serve as the source of the present-day magmatism [Churikova et al. 200 ] is difficult to assess with presently available data. In general, the variations of Nb at similar y in the average CKD compositions (except Nachikinsky magmas) can be explained by no more than ~% of previous melt extraction from initially homogeneous and fertile source. This can readily reflect initial mantle heterogeneity rather than multiple melt extraction beneath the CKD.
On the other hand, assuming derivation of Nb entirely from the mantle wedge may be not valid for CKD where Nb-rich slab melts were likely involved in magma genesis [e.g. Kepezhinskas et al. 997; Münker et al. 2004] . In this case, the composition of the CKD mantle wedge prior to subduction-related metasomatism, which variably enriched mantle wedge in Nb and other trace elements, could be more depleted than indicated by the composition of parental magmas. This alternative explanation of compositional heterogeneity of the CKD magma sources is supported by decoupling Nb/Ta and Zr/Hf in the CKD rocks [Münker et al. 2004] and applied as working hypothesis in our work. On the basis of this data we assumed for all CKD volcanoes (except Nachikinsky) initially depleted mantle source of the same composition as estimated by [Workman and Hart, 2005] 20 Geochemistry of Primitive Lavas of the centraL KamchatKa DePression for the Average MOrB Mantle (AMM). Alternative estimate for the CKD mantle wedge, for example, as "Depleted MOrB Mantle" by [Salters and Stracke, 2003 ] does not affect the major conclusions of the study, although absolute values of estimated parameters of magma origin (degree of melting, amount of enriched component etc.) are certainly model dependent. High concentrations of Nb, Zr and Ti in the Nachikinsky primitive melts require mantle source more enriched in incompatible trace elements (Figure 0 ). Quantitative modeling of these magmas was beyond the scope of this work and will be presented elsewhere.
With regard to the isotope data, all authors have agreed thus far that the CKD mantle wedge is compositionally similar to common MOrB asthenospheric mantle, based on the rather homogeneous and relatively radiogenic MOrBlike Nd isotope ratios in lavas and mantle xenoliths [e.g., Kepezhinskas et al. 997; Churikova et al. 200] . The conclusion is further confirmed by the low 87 Sr/ 86 Sr (<0.7030) and δ 8 O (~5.2 ‰) in rocks from Nachikinsky and Khailulia volcanoes, which were derived from the mantle only weakly modified by subduction-related processes compared to the southern CKD volcanoes [Portnyagin et al. 2005a] . Although these northern CKD magmas originate from the mantle more enriched in trace elements than required for the majority of the CKD rocks (Figure 0 ), residues after extraction of a few percent melt from the Nachikinsky-type magma sources can potentially serve as the sources of the abundant subduction-related CKD magmatism. Therefore, isotope compositions of the Nachikinsky magmas can be informative of the CKD mantle wedge prior subductionrelated metasomatism and point to low 206 Table 2 ) suggest that slightly isotopically enriched mantle with EM-"flavor" could be also involved in the origin of the northernmost Nachikinsky magmas ( Figure  B ). There is, however, no evidence that enriched mantle sources contributed to the majority of subduction-related magmas in the southern CKD.
Primitive Dacitic Component
Presence of primitive high-SiO 2 (dacitic or 'adakitic') component is a distinctive feature of primitive magmas from the CKD, recognized and interpreted as such by most researchers [Volynets et al. 997; 2000; Yogodzinski et al. 200; Churikova et al. 200; Münker et al. 2004] . We estimated the composition of this component by little extrapolating the compositional trends of primitive (Mg#>0.6) Shisheisky basalts, basaltic andesites and andesites to SiO 2 =64 wt% ( Figure 6 , 9, ; Table  3 ), that is, to the limit of real compositions of primitive rocks occurring in the Shisheisky Complex. unfortunately, trace element data were not available for the most extreme magnesian andesites with SiO 2 =60-63 wt% (Table ) . Estimation of trace element content in the dacitic end-member was thus not as straightforward as for major elements and required some more extrapolation (e.g. Figure D) . The estimated primitive dacite component (Table 3) [Workman and Hart, 2005] ; depleted mantle (DM) [Salters and Stracke, 2004] ; primitive mantle (PM) [McDonough and Sun, 995] ; primitive mantle plus 5% of average ocean island basalts (PM+5%OIB) [Sun and McDonough, 989] . Trajectories of batch modal partial melting are calculated after [Shaw, 970] . Curves labelled as "SpP" were calculated for DMM, PM and PM+5%OIB and refer to melting in spinel facies (ol:opx:cpx: spl=57:28:3:2) and bulk partition coefficients 0.0034 (Nb) and 0.088 (y) [Workman and Hart, 2005] . Shaded field labelled as "GaP" encloses melt compositions produced by mixing of melts from Nb-enriched PM+5%OIB source in garnet facies (ol:opx: cpx:ga =53:8:34:5) [Salters and Stracke, 2004] and melts from the same source composition in spinel facies (as above); bulk partition coefficients for garnet peridotite were assumed 0.0047 (Nb) and 0.26 (y) [Salters and Stracke, 2004] . The diagram is constructed in a way similar to the Nb-yb diagram by [Pearce and Parkinson, 993] and aimed at distinguishing source enrichment/depletion and variations in degrees of partial melting. In general, the approach provides a minimum estimate for the source depletion before melting because enrichment of mantle source in Nb can associate with metasomatism by slab-derived melts.
wt %) and low FeO (~3.5 wt %), CaO (~3.5 wt. %), MgO (~4 wt. %) and TiO 2 (~0.4 wt %). The dacitic melt has low concentrations of y (~0 ppm) but high Zr (~20 ppm), Sr (~600 ppm) and LILE (e.g., Ba~600 ppm). 87 ogical data testify for highly hydrous nature of the primitive dacitic component with H 2 O=5.5-wt %.
Compositions which are most similar to the inferred primitive dacite component were reported for metasomatic "adakitic" veins from mantle xenoliths in the Miocene alkali basalts from the Kamchatka Isthmus [Kepezhinskas et al. 995, 996] . These veins may therefore represent intrusive analogues of primitive dacitic melts "frozen" in the lithospheric mantle beneath northern Kamchatka.
Origin of Primitive Dacitic Component by Crustal Processes
Several hypotheses have been proposed to explain the origin of high Mg# andesites and adakites in island-arc settings, which may also be applicable to the origin of primitive dacitic component in the CKD magmas: () crystal fractionation; (2) mixing of primitive basaltic melts and rhyolites, or assimilation of granitic rocks in basalts; (3) direct slab melting; (4) hydrous fluid flux mantle melting, (5) interaction of slab melts with the overlying mantle wedge [e.g., Kay, 978; Defant and Drumond, 990; Sen and Dunn, 994; Hirose, 997; Yogodzinski et al. 994, 995; Kelemen et al. 995; 2003a,c; Blatter and Carmichael, 998, 200; Shimoda et al. 998; Tatsumi, 98, 200; Tatsumi and Ishizaka, 98; Tatsumi et al. 2003; Carmichael, 2002; 2003; 2005; Bindeman et al. 2005] .
Early crystallization of Fe-Ti oxides and/or amphibole from hydrous and highly oxidized magmas can drive fractionating magma toward high SiO 2 compositions without sharp decrease of Mg# [e.g., Moore and Carmichael, 998] . The origin of primitive andesites from Shisheisky Complex through fractional crystallization of primitive basalts seems however unlikely because of several reasons. First, amphibole and Fe-Ti oxides are not present among phenocrysts in primitive basalts and basaltic andesites from Shisheisky Complex, whose crystallizing assemblage consist of highMg olivine, orthopyroxene, clinopyroxene and moderately oxidized chromium spinel (Cr/(Cr+Al)= 0.60-0.78, Fe +3 / (Fe +3 +Cr+Al)=0.-0.2, our unpublished data). Amphibole together with orthopyroxene appears only in primitive andesites at SiO 2 >58 wt % and is particularly common in low-Mg# evolved rocks. Second, all primitive Shisheisky rocks have extremely high Ni (up to 200 ppm, Table ) , Ni/V ( Figure  B ) and exhibit very weakly decreasing Mg# over large range of SiO 2 (Figures 3 and ) (Figure 8, 9 ) suggest that assimilation of continental-type (?) crustal material could be important process in their genesis [e.g. Bindeman et al. 2005] . In order to test this hypothesis, we consider here the simplest way to generate high Mg# andesites through mixing of primitive basalts of mantle origin and rhyolitic melts, which can originate either by extensive fractionation of basaltic magmas or by partial melting of the Kamchatka crust (Figure ) . As examples of crustal rhyolitic melts, we use in the modeling the compositions of high-Si glasses surrounding partially melted/reacted with matrix melt quartz xenocrysts from Shisheisky rocks (Table  ) . As illustrated in Figure A , high SiO 2 and Mg# in primitive andesites can be indeed explained by mixing of primitive basaltic and rhyolitic melts as was also proposed for calcalkaline rocks world-wide [e.g. Brophy, 987; Conrad et al. 983; Kay and Kay, 985; Blatter and Carmichael, 998] . The typical primitive basalts from Tolbachik volcano, which are among the most primitive in the CKD, however can not serve as an appropriate basaltic end-member for such mixing because Mg# of the Shisheisky rocks is even higher than in Tolbachik primitive basalts. In order to fit the mixing line with the Shisheisky compositions, the basaltic end-member should have composition of primary mantle melt with MgO~4 wt% and Mg#~0.75 (Table 3) . Similarly, high Ni content and high Ni/V, Ni/Sc etc. ratios in the Shisheisky andesites can only be explained if the rhyolitic melts mix directly with primary mantle melts with Ni~500 ppm and Ni/V > .5 ( Figure B) . Although the mixing of primary basaltic melts with crustal rhyolitic melts is hypothetically possible, the model however fails to explain high Na 2 O and Sr in the Shisheisky andesites ( Figure C, D) . Appropriate rhyolitic melt end-member in such mixture fitting the trend of Shisheisky rocks should have Na 2 O up to 0 wt% and Sr up to 000 ppm. rhyolites of such composition are not known in Kamchatka and can hardly be produced by crystallization of basaltic magmas, which commonly involve plagioclase, or low-degree partial melting of plagioclasebearing crustal material (see also discussion in [Kelemen et al. 2003c] ). Finally, it should be noted that perfect mixing of basaltic and rhyolitic melts might be improbable in nature [Campbell and Turner, 985; Bindeman and Bailey, 994; Blatter and Carmichael, 998] . Assimilation of crustal material is energy consuming process and should likely cause massive crystallization [e.g. Reiners et al. 995; Bohrson and Spera, 200] , which is not observed in nearly aphyric andesites from Shisheisky complex.
Although our detailed investigation identified some xenogenic material in the Shisheisky andesites (mantle olivine, quartz), the amount of the material is small (<%) and was found only in large volume of crushed rock. We interpret the observations as evidence for rather rapid transport of the Shisheisky magmas through the crust, so that xenogenic material was not completely reacted with the host magma. Xenogenic, sometimes abundant crustal material was also described in basaltic magmas throughout the CKD [e.g. Fedotov, 983] . Therefore, there is no reason to believe that the primitive andesites from the Shisheisky complex are different from other CKD rocks due to the presence of xenogenic material and they are contaminated much stronger as compared to other rocks in the CKD.
Summarizing all observations above, we conclude that the processes of crustal fractionation, mixing and assimilation do not provide plausible explanation for the origin of the primitive dacite component in primitive CKD magmas and, in general, geochemical zonation along the CKD.
Origin of Primitive Dacitic Component by Slab or Mantle Melting
Alternative explanation for the origin of the primitive dacitic component is related to melting of the subducting Pacific Plate beneath Kamchatka [e.g. Yogodzinski et al. 200] (Figure 2 ). In particular, primitive dacite component is enriched in trace elements which are weakly soluble in hydrous fluids (e.g., Zr, Nb and also Th and LrEE, our unpublished ICP-MS data on Shisheisky andesites) [e.g., Tatsumi et al. 986; Brenan et al. 995; Keppler, 996; Green and Adam, 2003] . These elements should be most likely transported in sediment-and/or basalt derived melts (or supercritical fluids) [e.g., Rapp et al. 999; Johnson and Plank, 999; Tatsumi, 200; Kelemen at al. 2003a,c] .
Our modeling indicates that the pattern of highly incompatible elements (K, Ba, Nb, Sr) in the primitive dacite component can be indeed produced by ~5-0% partial melting of eclogite composed by 80% MOrB and 20% of local sediments ( Figure 3A) . High Mg# and Ni content however preclude the dacite component from being a direct slab-derived eclogite melt as was also argued for high-Mg# andesites from the Aleutian Arc and elsewhere [e.g., Kay, 978; Yogodzinski et al. 994; 995; Tatsumi 200; Kelemen et al,. 2003a ]. Moreover, the eclogitic melts are expected to have strong garnet signature (high Dy/yb, Ti/y) and significantly lower y, Zr and Ti contents compared to the inferred dacitic component in the CKD magmas ( Figure 3A) . These geochemical features imply that processes of modification of slab melts on their way through mantle wedge should be involved in the origin of the dacitic component. Although pattern of highly incompatible elements in the dacitic component mimics closely that of eclogite melts, less incompatible and major elements in the component may reflect re-equilibration of eclogite melts with mantle wedge.
Limited interaction of eclogite melts with the mantle wedge was widely proposed to explain the origin of high Mg# andesites [e.g., Kay, 978; yogodzinski et al. 994, 995] . Melts leaving the subducting slab are however in compositional disequilibrium with the overlying mantle peridotite, and a critical aspect of eclogite melt -peridotite interaction is whether the eclogitic melts can survive below the wet solidus of peridotite, which is placed by different authors between ~800 and 000°C at 2-3 GPa [Green, 973; Wyllie, 979; Thompson, 992; Mysen and Boettcher, 975; 2003] . The processes occurring at the slab-mantle interface are poorly known, and two different scenarios of the interaction between eclogite melts and mantle should be considered ( Figure  2 ): (i) all eclogite melt is exhausted during the reaction with mantle peridotite producing secondary olivine-free pyroxenite, and (ii) liquid never disappear during the reaction with the mantle wedge but evolves toward equilibrium with mantle peridotite.
According to the first scenario, the likely fate of eclogite melts, when they react with peridotite converting it to olivine-and melt-free high Mg# (garnet) pyroxenite, is "thermal death" [Yaxley and Green, 998; Rapp et al. 999; Kelemen et al. 2003c; Sobolev et al. 2005] . The hybridized mantle, consisting of "blobs" of pyroxenite, can be melted later through decompression or water-rich fluid flux, for example, resulting from the breakdown of serpentinites in the deeper portions of the subducting plate [e.g., Ringwood, 990; Rüpke et al. 2002] . Although we did not model quantitatively the conversion of mantle peridotite to olivine-free pyroxenite and subsequent fluxed melting of the secondary pyroxenite (high-Mg# eclogite), the process appears to be capable to produce appropriate high-SiO 2 melts (primitive dacitic component) involved in the CKD magma origin. The partial melts from pyroxenite should be silica-rich like in the case of eclogite melting [e.g. Rapp et al. 999] . The pattern of highly incompatible elements in secondary pyroxenite melts could be inherited from reacted eclogite melts but Mg# and Ni should be significantly higher compared MOrB eclogite melting [Sobolev et al. 2005] .
Following the second scenario of eclogite melt-mantle interaction, eclogitic melts leaving the subducting slab are proposed to react with the mantle wedge so that the liquid never completely solidifies during the interaction and changes its composition towards basalt as the reaction proceeds [e.g., Yogodzinski et al. 994; Tatsumi 200; Kelemen et al. 2003a,c] . Eclogite melt -mantle interaction can gener-ate high Mg# and Ni content in the dacite component, while significantly increasing concentration moderately incompatible elements (Ti, y, HrEE) and reducing initially high Sr/y, Zr/y and Ti/y ratios in the resultant melt [Tatsumi 200; Kelemen et al. 2003a,c] . We were able to closely reproduce Ba, Nb, K, Sr, Na, Ti and y in the primitive dacite component by numerical simulation this kind of slab melt -mantle interaction ( Figure 3B ) and conclude that the dacite component can represent a product of limited interaction between mantle and eclogite slab-derived melts (see electronic Supplement Methods for details of modeling). An exception is high Zr concentration in the dacite component, which was not reproduced in our modeling and increased only slightly during the simulated mantle-eclogite melt interaction ( Figure 3B ). In order to explain high Zr concentrations in the dacite component, eclogite melts reacting with mantle wedge should also have about 2-3 times higher concentrations of this element. It is possible that partition coefficients during slab melting beneath Kamchatka were significantly lower compared to those used in our modeling (compilation by [Kelemen et al. 2003c] ), or the composition of subducting plate was more Zr-rich than N-MOrB. If we assume that igneous component in the composite eclogite was enriched basalt with Zr~50 ppm (~2 times higher than N-MOrB), like that recovered from Meiji and Detroit Seamounts [Regelous et al. 2003 ], closer fit between modeled composition and the dacite component can be achieved. [Tatsumi, 98; Baker et al. 994; Grove et al. 2003 ]. SiO 2 in partial melts increases with increasing water pressure and source depletion [e.g. , and thus dacitic melts also could be produced by partial melting of mantle peridotite. The lowtemperature hydrous mantle melt compositions are broadly similar to eclogitic melts yet have higher Mg# reflecting equilibrium with mantle minerals [Hirose 997 ]. It seems therefore likely that eclogite-derived, hydrous and siliceous melts can approach equilibrium with mantle peridotite very quickly by little modification of their composition. Although the experimental melts by Hirose [997] have higher CaO, Al 2 O 3 and lower Na 2 O, FeO and K 2 O compared to primitive andesites from Kamchatka (Figure 6 ), we suggest that the primitive dacitic melt (and the parental melts of all CKD volcanoes) could be in equilibrium with the mantle mineral assemblage (olivine + orthopyroxene ± clinopyroxene) at pressures of -.5 GPa, as has also been argued for magnesian andesites from Northern California, Japan and Mexico [e.g., Tatsumi, 98; Blatter and Carmichael 200; Grove et al. 2003 ]. In this case, high SiO 2 and low CaO, MgO, FeO, TiO 2 , y, V in the primitive dacite melt compared to partial melts from fertile peridotite [e.g., Hirose 997; Hirose and Kawamoto, 995; Gaetani and Grove, 998] may indicate re-equilibration of eclogite melts with more depleted mantle [e.g., Grove et al. 2003 ].
In summary, we favor the origin of the primitive dacite component due to slab melting followed by eclogite meltmantle interaction, which appears to explain both major and trace element composition of the dacitic component. In principle, we can not exclude that the primitive dacite component can also originate through melting of delaminated lower crustal blocks under mantle conditions or through melting of veined lithospheric mantle impregnated by eclogite melts [e.g., Kepezhinskas et al. 995] . In this case, origin of the dacite Figure 13 . results of modelling eclogite melting ( Figure A) and eclogite melt -mantle interaction ( Figure B) . Eclogite melting was modelled assuming source composition composed by 90% NMOrB [Sun and McDonough, 989] and 0% Kamchatkan sediments [Plank and Langmuir, 998] . Eclogite mode was 59% pyroxene, 40% garnet, % rutile. Melting was assumed to be batch and modal. Partition coefficients are from compilation [Kelemen et al. 2003c] . Interaction of melt produced by 0% of eclogite melting with mantle peridotite was modelled using AFC model [De Paolo, 98] at constant assimilation rate (M a /M c , mass of assimilated material per mass crystallized material) and different extent of the reaction expressed in the value of the liquid mass increase (M/M o ). Mantle composition was the Average MOrB Mantle (AMM) [Workman and Hart, 2005] . Bulk partition coefficients between melt and fertile peridotite are from compilation [Kelemen et al. 2003c] . Note similar concentrations of highly incompatible elements (Ba, Nb, K, Sr) in the primitive dacite component and eclogite melts of 5-0% of melting (plot A). Moderately incompatible elements (Zr, Ti, y) are systematically lower in the eclogite melts at any degree of melting and are buffered by residual garnet. Interaction of the eclogite melts with spinel peridotite (plot B) causes sharp increase in concentrations of moderately elements (e.g. Ti, y) and has little effect on concentrations of highly incompatible elements so that Sr/y, Zr/y, Ti/y decrease quickly at small increase of the liquid mass. Good coincidence of incompatible elements (except Zr, see text) in the primitive dacite component and modelled product of eclogite-melt-mantle interaction is approached at the liquid mass increase M/M o =..-.25. See text and Supplementary Materials for more details and discussion. component may be not related to the ongoing subduction beneath CKD [e.g., Park et al. 2002] . This scenario is difficult to distinguish from processes of slab melt -mantle interaction outlined above. Moreover, crustal origin of the primitive dacite component fails to explain increasing amount of the dacite component toward the Pacific slab edge.
Fluid and/or Lithospheric Component(s)
Slab-derived hydrous fluids enriched in incompatible elements (e.g., LILE, B, u) were proposed to play important role in generating CKD magmatism [e.g., Hochstaedter et al. 996; Kepezhinskas et al. 997; Turner et al. 998; Dorendorf et al. 2000; Ishikawa et al. 200; Churikova et al. 200] . Assessing the fluid component in the CKD magmas is however not straightforward and depends on assumption of elements and ratios which are informative about involvement of the slab fluids in magma genesis.
The primitive dacite component (modified eclogite melt), which we favor in this study, has many compositional features which are traditionally ascribed to hydrous slab-derived fluids (for example, high H 2 O, high LILE and low Nb content). Involvement of eclogite melts in magma generating processes is difficult to distinguish from addition of hydrous fluids (see also [Kelemen et al. 2003a] ), and we demonstrate in the following chapters that hydrous fluids indeed might not be required to explain the composition of the majority of CKD rocks. Involvement of hydrous fluids might be only required to account for exceptionally high Ba/Nb (>250) and Sr/y (>60) in some rocks from volcanoes located at intermediate distances (50-00 km) from the slab edge (Figure 8) . Dorendorf et al. [2000] proposed that large amount of hydrous fluid might be responsible for unusually high δ 8 O in Klyuchevskoy rocks correlating with high K/Ti, u/Th, La/ yb. The amount of hydrous fluid (with δ 8 O~20‰) involved in magma generating processes must be in this case of the order of 0-20%. This large amount of fluid can hardly be reconciled with direct fluid-fluxed melting and should lead to an enormously high degree of melting (>30%) beneath CKD [e.g. Hirschmann et al. 999; Katz et al. 2003 ]. This large amount of hydrous slab fluid was thus proposed to be accumulated in the mantle over a long period of time without causing any melting. According to Dorendorf et al. [2000] model, the mantle was probably too cold to melt, and the accumulation of high δ 8 O fluid occurred through formation of hydrous minerals in the mantle wedge, which was re-heated and melted at a later stage.
Alternatively, Bindeman et al. [2004; 2005] proposed the origin of high δ 8 O CKD magmas through assimilation of crustal material beneath Kamchatka. Because the high δ 8 O was found in very primitive magmas and high Fo olivines, the model requires assimilation of mafic crustal and/or mantle rocks, which would not strongly alter the composition of primitive magmas in terms of major elements (e.g., SiO 2 , FeO, CaO, Na 2 O). The majority of the Kamchatkan crust is Cretaceous mafic to ultramafic arc basement that was accreted to Kamchatka several million years ago [e.g., Kamenetsky et al. 995; Konstantinovskaia, 200] . These rocks, hydrothermally-altered by seawater, have high δ 8 O (up to ‰ for mafic granulites and amphibolites, [Bindeman et al. 2004 , and references therein] and thus could represent the common assimilant beneath CKD. The large amount of assimilation (up to 50%, see Figure 3 in [Bindeman et al. 2005] ) required by the model could be explained if abundant magmatism in the CKD caused abnormally hot conditions in the lower crust favoring extensive crustal assimilation by ascending primitive magmas [e.g., Reiners et al. 995] .
Delamination of lower crustal, high-δ 8 O basement due to subduction erosion [von Huene et al. 2004] or due to the corner mantle flow [Kelemen et al. 2003b] could also deliver the older arc blocks into the zone of magma generation as proposed in the Andes and other areas of thickened crust and slab-crust coupling [Kay et al. 2005] . A third possible explanation is that present-day volcanism in CKD occupies the former fore-arc of the Eocene-Pliocene volcanic arc of the Sredinny ridge of Kamchatka [e.g., Avdeiko et al. 2002; Park et al. 2002] . Mafic rocks reworked by shallow high-δ 8 O slab-fluids in the former fore-arc region could be mobilized by the present-day magmatism beneath CKD.
In summary, available data on the CKD rocks suggest that the importance of water-rich fluids in generating CKD magmatism might be overestimated. The key observation is that eclogite melts can explain many compositional features of the CKD magmas, which were traditionally ascribed to the involvement of hydrous fluids (e.g. high LILE/HFSE). Some other geochemical features can hardly be explained through mantle melting triggered either by eclogite melts or by hydrous fluids (for example, extremely high-δ 8 O in Klyuchevskoy magmas). Plausible explanation could be massive assimilation of hydrothermally altered mafic arc lithosphere beneath CKD. Significant contribution from the lithosphere to the budget of highly incompatible elements (e.g., u and Th) provides also elegant explanation for relatively small or no 238 u excesses in the CKD rocks, which were previously interpreted as evidence for unusually long time lapsed since fluid release from subducting plate [Turner et al. 998] .
Quantitative Multi-Component Models of CKD Magma Origin
3.7.1. General approach. The well established systematics of the end-member components contributing to the CKD magmas can be parameterized using quantitative mass balance models, which describe variability of the magmas in terms of finite number of parameters and can be predictive for some other compositional parameters, which are difficult to estimate directly from analysis of rock samples (for example, water content in primary melts). unlike previous attempts to establish the mass balance between slab and mantle components in the CKD magmas [e.g., Churikova et al. 200] , our primary task here is to assess the contribution of mantle and dacite/eclogite melts to the composition of the magmas, because (as shown below) these components rather than fluids appear to exert the maximum control on the elemental budget. We account for the fluid and/or lithosphere contribution by difference between the measured concentration in primitive magma and estimated contribution from mantle and dacite melt.
Details of the modeling can be found in the Auxiliary material on the CD-rom accompanying this manuscript, and the main results are illustrated in Figures 4-7 and Table  3 . These models provide new quantitative constraints on the origin of the unusually voluminous and geochemically enigmatic magmatism in CKD and are instructive as for the evaluation of different petrologic models, as for explaining the compositional differences between volcanoes. We intentionally limited our modeling to eight minor and trace elements spanning different geochemical groups: Na, Ti, Ba, Nb, Zr, Sr, K and y, because these element proxies display similar behavior to the rest of the elements in the periodic table, and serve as indicators of the degree of partial melting. We applied our models to the average compositions of primitive magmas, which differ from the estimated primary melts equilibrated with olivine Fo 9 by only 2-% of olivine fractionation (Table 3) . This has small effect on concentrations of incompatible elements and thus results of our modeling are applicable to primary melt compositions.
Below, we consider two end member models that present equal solutions to our mass balance modeling: mixing and reaction models. In both models, we can successfully account for the elemental balance by considering three major contributors to the magma compositions: mantle, dacitic component (derivate of eclogitic melt) and slab fluid (±litho-sphere). relative inputs from mantle, dacitic component and slab fluid to the budget of trace elements and estimated parameters of mantle melting (degree of melting, amount of eclogitic melt, etc.) are highly dependent on the proposed petrologic scenario.
Mixing or pyroxenite model (Model 1).
The key observation that serves as the basis of this model is the wide range of major element concentrations in primitive Kamchatkan melts, which can be ascribed to simple mixing between primitive basaltic and dacitic melts occurring in the mantle wedge or lithosphere (Figure 6 ). Basaltic melts are viewed to originate through fluid flux mantle melting. Dacitic component is considered to originate from non-peridotitic source such as secondary pyroxenite (see chapter 3.5), which could be melted simultaneously with mantle peridotite under hydrous fluid flux, for example, resulting from the breakdown of serpentinites in the deeper portions of the subducting plate [e.g., Ringwood, 990; Rüpke et al. 2002] .
Schematic illustration of the "mixing model" is presented in Figure 2 . Equations and detailed description is given in the Supplementary Materials. As a result of our modeling, we are able to parameterize the composition of primitive magmas in terms of degree of mantle melting (F) required to produce basaltic end-member, absolute amount of dacitic component in the mixture with basalt (y) and relative contribution of dacite, mantle and fluid (±lithosphere) to the trace element budget of primitive magma (Figures 4-5 , Table 3 ).
This model predicts large contribution from mantle wedge and fluid (±lithosphere) for magmas from all volcanoes. Except for Shisheisky magmas, the model suggests that more than 50% of LILE (Ba, K, Sr) in the CKD magmas is accounted for by slab fluid (±lithosphere). Significant contribution from eclogitic melt (>20% of LILE, Na and Zr) is predicted for Klyuchevskoy, Zarechny, Shiveluch and Shisheisky magmas (Figure 4) . According to the mixing scenario, the amount of dacitic component increases steadily towards the edge of the subducted plate from less than 5% in Tolbachik lavas up to 50% in Shisheisky lavas ( Figure 5 ). This correlation is however pre-determined by the applied mass balance equations solved on the basis of SiO 2 in the volcano averages. Degrees of mantle melting estimated with the mixing model range from ~4 to 8 % and tend to increase toward the slab edge or with decreasing depths to subducted plate ( Figure 5) .
Reaction or melt flux-melting mode (Model 2).
This model suggests that primitive dacitic melt is a common component involved in mantle melting beneath all CKD volcanoes, which acts as trigger of mantle melting and principle agent transferring a number of major (e.g., Na) and trace elements (e.g., LILE, rEE) from subducting plate to the mantle wedge beneath CKD (Figure 4) . We suggest that the hydrous dacite melts originate through little modification of eclogite melts as they enter mantle wedge above the subducted plate and migrate upward. A key consideration of this scenario is that the thermal gradient in the mantle above subduction zones is inverted and that the temperature of the melts increases as they rise and decompress. This reaction or melt flux-melting 2003; 2005; Kelemen et al. 2003a ] results in increase of initial liquid mass Figure 14 . results of quantitative mass-balance modeling of the CKD primitive magmas. Estimated parameters of mantle melting (Model ) are amount of dacite component in the mixture ("Dacite", wt %) and degree of mantle melting (F, wt %); extent of eclogite melt-mantle interaction (Model 2) is characterized by the AFC rate (M a /M c ) and the increase of the initial liquid mass (M/M o ). An excess of trace elements in the modeled CKD magmas over those provided by primitive dacite component and depleted mantle, if it exists, is assigned to the contribution from fluid (±lithosphere). Note little contribution from fluid (±lithosphere) required to explain the composition of all CKD magmas by the reaction model (Model 2). Details of modeling can be found in Auxiliary material on the CD-rom accompanying this manuscript. and dilution of slab-derived components as dacite melt rises through the mantle wedge encountering shallower and hotter mantle ( Figure 3B ). According to this scenario, the melt traversing inverted thermal gradient finds itself out of equilibrium with surrounding mantle. The major and trace element variability of the CKD lavas ( Figure 6 ) can thus be explained by different extents of modification of the eclogite (or dacite) melts during interaction with the mantle wedge. The extent of the interaction could be largely controlled by the mantle temperature. The higher the average temperature in the mantle column, traversed by the dacitic melts, the more mantle material is assimilated by the eclogitic melts before magmas segregate beneath the colder lithosphere.
We simulated dacite melt -mantle interaction in two ways: mantle AFC (Model 2A) or melt fluxed mantle melting (Model 2B) (see Supplementary Methods for details) [De Paolo, 98; Kelemen, 995; Kelemen et al. 2003c] . As a result, we are able to parameterize primitive magma compositions in terms of relative contributions from mantle, dacite (slab) melt and fluid ± lithosphere to the balance of trace elements in erupted magma and in terms of AFC rate (M a /M c ) and increase of liquid mass (M/M o ) (model 2A) or degree of melting (F) and amount of dacite in the source (x d ) (model 2B) (Figure 4-7, Table 3 ). Both models 2A and 2B result in very similar balance between different components in the composition of the primitive CKD magmas. The results of the melt flux-melting (model 2B) are therefore not graphically represented in Figure 4 .
The reaction model favors a very large contribution from dacitic melt to the budget of highly incompatible elements (>40% LILE, Nb, Na, Zr) for all volcanoes. Compositions of Tolbachik and Klyuchevskoy magmas were interpreted to originate through melting resulting from the f lux of hydrous fluids [e.g., Dorendorf et al. 2000; Ishikawa et al. 200; Churikova et al. 200 ]. Our reaction model successfully reproduces Tolbachik and Klyuchevskoy compositions with very little contribution from fluid (±lithosphere) to the budget of LILE, which is dominated in this scenario by the dacitic melt (Figure 4 ). While we are the first to propose an eclogitic melt flux model for CKD magmatism, this model concurs nicely with slab melt-fluxing models offered for the neighboring Aleutians and elsewhere [Yogodzinski et al. 994; 995; Kelemen et al. 995; 2003a and references therein] . Furthermore, the slab melts can account for concentrations of highly fluid-mobile elements (e.g., B, Pb, u, Sb, As and H 2 O), if melting of slab material occurs under fluid flux from deeper portions of subducted slab (for instance, from serpentinites [e.g., Ringwood, 990; Ulmer and Trommsdorff, 995; Rüpke et al. 2002] ), and the highly fluid-mobile elements were initially transported by the hydrous fluids and inherited by the slab melts. Our preliminary data indicate however that the systematics of highly volatile element (e.g., B) is a bit more complex and decoupled from LILE [Ishikawa et al. 200] .
relatively high fluid (±lithosphere) input to the budget of LILE (>40% Ba, K and Sr) is estimated for Kharchinsky and Zarechny volcanoes (Figure 4) , which have the highest 87 Sr/ 86 Sr, Ba/Nb and elevated δ 8 O (Figure 8, 9) . unlike the mixing model, this hydrous fluid-like enrichment Dorendorf et al. 2000] can be ascribed to previ- Figure 15 . Correlation of estimated parameters of magma generation beneath the CKD with distance from volcanoes to the edge of the subducting Pacific Plate. Note that strong correlation with the amount of dacite component in magma (Model ) could be expected from the mass balance applied and existing correlation between SiO 2 in average compositions and the distance from the slab edge to volcanoes. Other correlations were not pre-determined by the fitting procedure.
ous mantle metasomatism or more likely to assimilation of lithospheric material [e.g., Bindeman et al. 2004] .
In a regional plate tectonic context, the reaction model reveals a strong negative correlation between increase of liquid mass (M/M o ) produced during reaction of eclogite-melt and peridotite and distance from the slab edge so that M/M o~ .4 for Shisheisky Complex and ~2.3 for southern Tolbachik and ushkovsky volcanoes ( Figure 5) . Overall, amount of assimilation and amount of crystallization of mantle peridotite are comparable. The calculated M a /M c ratios range from ~.04 for Tolbachik magmas to ~.08 for Zarechny volcano and generally tend to increase toward the slab edge ( Figure 5 ) and correlate negatively with M/M o ( Figure 6A ). Excellent correlations are found for the amount of melt mass increase (M/M o ) and major elements in volcano averages (e.g. SiO 2 , Figure 6B ). The later correlation is particularly important and was not pre-determined by our modeling based on trace elements content.
The model of mantle melting triggered by slab melt (model 2B) reveals generally higher degrees of melting compared to the mixing model, which range from ~4% for ushkovsky up to 20% for volcanoes near the slab edge ( Figure 5 ). The amount of the dacitic component varies from ~3% for ushkovsky up to ~3% for Kharchinsky volcano and correlates strongly with the estimated degrees of melting and major element compositions (Figure 6 C, D) .
In summary, different petrologic scenarios and related numerical models can quantitatively explain the origin of the geochemical zoning along the CKD. On the basis of all observations, we tentatively favor the reactive interaction of eclogitic melts with the mantle wedge as the main process operating beneath CKD and causing the geochemical zonation along the arc strike. We however do not exclude that mixing of pyroxenite and peridotite derived melts or combination of different mechanisms of slab melt-mantle interac- Figure 16 . Correlations between parameters of eclogite melt-mantle interaction and major element composition (SiO 2 ) of the CKD primitive magmas. Path of melt-fluxed melting predicted on the basis of MELTS modeling is shown after . Calculated rate of melt fluxed melting (β, which is the amount of mantle melt produced per amount of hydrous dacite melt flux to the mantle) is shown in the inset in figure C. Note that strong correlations with SiO 2 (and presumably with all other major elements, Figure 6) were not pre-determined by our fitting procedure. These correlations allow predicting major element composition in the primary CKD melts from modeling trace elements. tion is also possible. reconciling these scenarios requires better knowledge of the geochemical systematics of highly fluid mobile elements in magmas (e.g., H 2 O, B, As, Sb), as well as compositions of lower crust and lithospheric mantle beneath Kamchatka, timing of interaction between mantle and slab melts, and potentially important role of high Mg# pyroxenitic sources in magma generation.
Noteworthy, negative correlation between TiO 2 and Na 2 O observed in the CKD and in primitive arc lavas worldwide [Kelemen et al. 2003a] can hardly be explained by the mantle melting fluxed with solute-poor water-rich fluid [e.g. Tatsumi et al. 986; or due to simple process of bulk assimilation of mantle peridotite by slab melts [Yogodzinski et al. 994] . These correlations can however be readily explained with both models proposed in this study. According to the reaction model, 40 to 90 % of Na 2 O in the CKD magmas is slab-derived (Figure 4 ). This element cannot be regarded as immobile and mantle-derived in the case of the CKD magmatism and also in many other volcanic arcs [Pearce and Peate, 995; Kelemen et al. 2003a] . Estimation degrees of mantle melting on the basis of widely adopted approach employing Na 2 O concentrations normalized to MgO=6 wt% [Plank and Langmuir, 988] maybe not a good approach in this case and would lead erroneous conclusions. Heavy rEE, y, V are poorly soluble in both slab-derived melts and fluids [e.g., Brenan et al. 1995; Ayers et al. 997; Stalder et al. 998; Rapp et al. 999; Johnson and Plank, 999; Prouteau et al. 200; Green and Adam, 2003] and should provide more reliable information about degrees of partial mantle melting in subduction zones.
Where and why Does the Slab Melt Beneath the CKD?
With respect to the common presence of eclogitic melt component in the CKD lavas, which make the lavas very distinctive in Kamchatka, previous workers suggested rather sharp change in conditions of magma generation along the CKD from fluid-dominated beneath Klyuchevskoy volcano to slab-melt-dominated beneath Shiveluch volcano [e.g., Volynets et al. 2000; Kepezhinskas et al. 997; Yogodzinski et al. 200; Churikova et al. 200; Münker et al. 2004] . Our results show that maximum contribution from slab melting is indeed observed for lavas originating above the proposed slab edge. There is however no sharp change in the composition of lavas along the arc strike and virtually all lavas in the CKD require variable amount of the dacitic (eclogitic melt) component involved in their genesis. Moreover, an estimate of the absolute amount of the slab melt involved in the CKD magma genesis depends on the estimated total magmatic flux through the Moho along the CKD, which is currently somewhat uncertain [Fedotov and Masurenkov, 99; Ponomareva et al. 2007a] . Given the magmatic productivity tends to decrease to the north (from Klyuchevskoy to Shiveluch) and is clearly vanished above the slab edge (Shisheisky Complex), the amount of slab melting maybe broadly the same beneath all CKD volcanoes or, at least, does not drastically vary along the CKD. In our opinion, these observations have fundamental importance and should be explained by any plausible model on the origin of CKD magmatism.
Melting of relatively fast subducting ~90 Ma old Pacific Plate beneath northern Kamchatka is generally not expected from the thermal models of subduction zones established at the end of the last century [e.g., Davies and Stevenson, 992; Peacock et al. 994] . To reconcile these models with the occurrence of adakitic lavas in Kamchatka, Yogodzinski et al. [200] proposed that the slab melts at its edge, which is exposed to heating by the surrounding hot mantle. However, Davaille and Lees [2004] showed recently that the conductive heating alone cannot account for the seismic observations beneath northern Kamchatka and is not efficient enough to heat the subducting slab at significant distances from its edge. It is therefore difficult to explain a significant contribution from slab melting for volcanoes located up to 70 km to the south from the slab edge by the model employing highly localized slab melting at its edge.
On the other hand, recent models of the thermal state of the mantle wedge in subduction zones invoking strongly temperature and stress dependent mantle viscosity suggest that the mantle wedge above subduction zones could be hot enough to provide sufficient heating to melt sediments and/or basalts in upper parts of the subducting plates beneath volcanic arcs worldwide [e.g., Furukawa, 993; van Keken et al. 2002; Conder et al. 2002; Kelemen et al. 2003c; Peacock et al. 2005; Manea et al. 2005; . Adopting these models to Kamchatkan magmatism allows slab melting beneath all volcanoes in Kamchatka, not only beneath CKD [Manea et al. 2005] . The recent models can thus explain occurrence of slab melts at far distances from the slab edge but do not explain why magmas with strong slab melts signatures are particularly abundant in the CKD compared to southern Kamchatka.
Here we propose that some other concurring factors facilitate slab melting and/or favor production of high-SiO 2 primitive magmas beneath the CKD compared to other localities in Kamchatka. These factors could be () anomalously hot subducting plate, (2) short and cold mantle wedge columns at the slab edge.
To explain the high heat f low from the sea-f loor offshore northern Kamchatka (>80 mW/m2 [Smirnov and Sugrobov, 980] ) and absence of deep (>200 km) subduction related earthquakes beneath the northern Kamchatka, the Pacific plate entering the northern part of the KurilKamchatka trench was proposed to be thermally thinned 32 Geochemistry of Primitive Lavas of the centraL KamchatKa DePression [Gorbatov et al. 997; Davaille and Lees, 2004; Manea et al. 2006] . Apparent "thermal" age of the Pacific Plate at the Kamchatka-Aleutian junction was estimated as 30-40 My, that is 2-3 younger than the real Cretaceous (~90 My) age of the subducting oceanic crust. In this respect, the northern part of the Kamchatka arc is quite different from its southern part, where the subducting oceanic plate is characterized by the lower heat flow (40-60 mW/m 2 ) well corresponding to the age of ~90 Ma [Gorbatov et al. 997] . Whatever the reasons for the thermally young Pacific Plate at the Kamchatka-Aleutian junction, this can be an important, if not a crucial, factor in facilitating partial slab melting beneath the entire northern segment of the Kamchatka Arc. Additionally, because of the higher temperatures in the interior of the Pacific Plate subducting beneath CKD, it can be more hydrated than cold oceanic plate to the south providing particularly abundant f luid release proposed beneath the CKD [Ishikawa et al. 200; Dorendorf et al. 2000; Churikova et al. 200] .
Thermal State of Mantle Beneath CKD
Given that slab melting may not be restricted to the slab edge, one can suggest that some other factors may cause preferential preservation and appearance of magmas with strong eclogite melt signatures in the proximity of the slab edge. It seems that particularly important factors governing the composition of erupted arc magmas are length and thermal state of mantle wedge columns involved in magmatism [Plank and Langmuir, 988; Kelemen et al. 2003c] . In order to make quantitative constraints on the thermal state of the mantle wedge beneath CKD, temperature of primary melts should be estimated. This estimate however depends dramatically on the amount of water in the inferred parental magmas [e.g., Hirose, 997; Gaetani and Grove, 998; .
The water content in parental CKD magmas is poorly known [Sobolev and Chaussidon, 996; Khubunaya and Sobolev, 998; Portnyagin et al. 2007] . In order to estimate it for all volcanoes, we applied here the ability of our models to predict compositional parameters of parental melts, which were not determined on the basis of whole rock compositions, for example, water content. Mineralogical data suggest that the H 2 O concentrations in the primitive dacite component could be as high as 5.5-wt% (on average ~8 wt %). using this average estimate for the dacite component, we can predict H 2 O concentrations in all parental CKD magmas and their sources by using parameters of dacite melt -mantle interaction independently estimated from the concentrations of non-volatile elements (Figure 4 -5, Table 3 ). The results are illustrated in Figure 7 and Table 3. Average concentrations of H 2 O in parental CKD magmas and their mantle sources are predicted to increase from the most southern Tolbachik and western ushkovsky volcanoes (2.5-3 wt% H 2 O in the parental melts, ~0.2 wt% H 2 O in the mantle) toward the slab edge and reach the highest values in the Shisheisky primitive melts (~5.5 wt% H 2 O in the parental melt, ~0.9 wt% H 2 O in the mantle). These estimates are broadly similar to the directly mea- , Klyuchevskoy volcano [Sobolev and Chaussidon, 996; Khubunaya and Sobolev, 998; Portnyagin et al. 2007] and H 2 O concentrations in evolved (and likely degassed [Blundy et al. 2006] ) Shiveluch melts [Tolstikh et al. 2003 ].
sured water content in primitive melt inclusions in olivine from Tolbachik and Klyuchevskoy volcanoes (up to 3 wt% [Sobolev and Chaussidon, 996; Khubunaya and Sobolev, 998; Portnyagin et al. 2007] ). Predicted H 2 O~4 wt% in the average Shiveluch parental melt appears to be in agreement with up to 7 wt% of H 2 O measured in evolved dacitic to rhyolitic melt inclusions in plagioclase from Shiveluch andesites [Tolstikh et al. 2003; Blundy et al. 2006] .
By using these H 2 O estimates, we are now able to calculate "wet" temperatures of the CKD mantle sources assuming that the parental CKD magmas were in equilibrium with the mantle below the crust (Table 3 ). These temperatures monotonously decrease toward the slab edge and range from ~300°C for Tolbachik and ushkovsky volcanoes to ~220°C for Shisheisky Complex (Figure 8 ) in qualitative agreement with thermomechanical modeling of subduction and mantle wedge beneath CKD [Manea et al. 2006 ] also predicting decrease of the average mantle temperatures toward the slab edge.
We concluded previously that all parental CKD magmas including the most SiO 2 -rich andesites could be in equilibrium with mantle peridotite. The major element systematics of the CKD magmas can be therefore explained by variations of mantle temperatures, at which eclogite melts were re-equilibrated with mantle material (Figure 8 ). The mantle wedge temperature can also control the amount of peridotite material assimilated by hydrous eclogite melts. In other words, we propose here that primitive andesitic melts with strong eclogite melt signature formed near the slab edge originate through reequilibration of eclogite melts with relatively low temperature mantle wedge. The reaction involved small amount of assimilated peridotite and resulted in strong eclogite melt signature in primary magmas. Higher mantle temperatures further south from the slab edge caused more peridotite material to assimilate and resulted in less hydrous basaltic primary melts with more diluted eclogite melt signature. In some aspects this model is similar to that proposed by Kelemen et al. [2003a,b] for island-arc magmas world-wide.
Variability of the primitive magmas compositions in the CKD increases toward the slab edge ( Figure 5 ) and can be likely related to the length and to the possible thermal heterogeneity of the mantle columns beneath volcanoes (Figure 8 ). According to our model, the whole range of melt compositions may be present in the mantle wedge beneath all volcanoes in the CKD. Short mantle columns near the slab edge may however favor rapid extraction of various primary melts from high-and low-temperature parts of the mantle wedge and their limited homogenization on the way to surface. This can explain why high-temperature (basaltic) and low-temperature (andesitic) primitive magmas occur in the CKD in the same localities and were erupted over short interval of time (for example, in Shisheisky Complex). In contrast, long and hotter mantle columns to the south ( Figure  8 ) result in extensive interaction of eclogite melts with mantle peridotite, effective mixing of magmas from different parts of the mantle column and eruption of low-SiO 2 basalts and basaltic andesites of small compositional range (for example, Tolbachik volcano).
One of the interesting conclusions from our modeling is that amounts of water in magmas and their sources are lower for the most productive CKD volcanoes (Klyuchevskoy Group) compared to less productive volcanoes near the slab edge (Figure 7) . It seems that enhanced volcanic productivity along the CKD correlates rather with the highest mantle temperatures, the longest mantle columns and, possibly, with mantle fertility beneath the CKD. Although the magnitude of the water-bearing fluid and/or melt flux from subducting plate might be important factor contributing to the magmatic flux through the Moho and the composition of arc magmas [e.g. Tatsumi et al. 985] , the thermal and compositional structure of the mantle wedge appear to exert primary control on the composition and volumes of erupted magmas in the CKD and world-wide [e.g., Furukawa, 993; Tamura et al. 2002; Kelemen et al. 2003b; England et al. 2004] .
In summary, due to the pronounced change in physical parameters of magma generation at the Kamchatka-Aleutian junction, the Kamchatka Arc may represent rather unique place in the world where transition from "cold" (=hot mantle) subduction zone, favoring generation of basaltic parental magmas in the mantle wedge, to "hot" (=cold mantle) subduction zone with common high-Mg# andesites [e.g. Kelemen et al. 2003a] , occurs over ~70 km along the arc strike. Partial melting of the subducting Pacific Plate may however be important process beneath all volcanoes in the CKD and not only restricted to the edge of the subducting plate.
Recent Transition to Oceanic-Type Magmatism in Northern Kamchatka
The discussion above referred to the largest CKD volcanoes exhibiting strong subduction-related signatures. In this respect, lavas erupted from the northernmost volcanoes in Kamchatka arc, Nachikinsky and Khailulia, are clearly different from typical arc-type rocks and are more similar to magmas originating in oceanic settings. The specific features of these magmas are low LILE/HFSE and LrEE/ HFSE (e.g., Ba/Nb, La/Nb), MOrB-like 87 Sr/ 86 Sr and δ 8 O, which suggest minimal to negligible amounts of slab-derived components (fluid or melt) in their sources. The HFSE and LrEE enrichment and high Dy/yb of the northern rocks are consistent with derivation through low-degree melting of fertile garnet-bearing mantle at temperatures well exceeding 300°C (Table 3) [Portnyagin et al. 2005a] . 34 
Geochemistry of Primitive Lavas of the centraL KamchatKa DePression
The prominent change in geochemistry of lavas erupted at the northern end of the CKD arc correlates with geophysical data indicating that the Pacific slab is subducting beneath the Klyuchevskoy and Shiveluch volcanic groups and that neither a remnant of the Komandorsky Plate nor part of the Pacific Plate underlies northern Kamchatka . Therefore, as was argued by [Portnyagin et al. 2005a] , the abrupt shift in geochemistry of lavas at the northern end of the CKD can be generally ascribed to the absence of a subducting slab, the ultimate source of water-bearing melts or fluids triggering arc magmatism, beneath the Nachikinsky and Khailulia volcanoes (Figure 8 ). Moreover [Portnyagin et al. 2003; 2005a] demonstrated that the principle mechanism of magma generation in this region is also different compared to Klyuchevskoy and Shiveluch volcanic groups, being closed-system, pressure-release (decompression) melting of fertile peridotite.
What could be the reasons for mantle decompression beneath northern Kamchatka? Levin et al. [2002] proposed two episodes of slab detachment and loss beneath Kamchatka. The detachment of the Komandorsky Plate (5-0 My ago), subducted previously beneath north Kamchatka, correlates with the late Miocene transition from arc-type to alkaline oceanic-type volcanism in the Kamchatka Isthmus [Kepezhinskas et al. 997] . Later detachment of a fragment of the Pacific Plate (~2 My ago) could have been responsible for triggering mantle upwelling and decompression melting beneath the northern part of the CKD, as deeper mantle filled the void left by the sinking slab fragment [Hole et al. 99] . Effective extraction of Figure 18 . Geodynamic models of primary magma origin along the CKD. Schematic distribution of temperatures in the mantle is shown by gradations of grey; darker grey tone corresponds to hotter temperature. Characteristic feature of the mantle wedge is inverted thermal gradient above the subducting Pacific Plate. Normal gradient is proposed to characterize mantle column beneath Nachikinsky volcano to the north of the slab edge. The temperature field is qualitatively similar to numerically predicted by Manea et al. [2007] . (A) Mixing model suggests that major and trace element zoning along the CKD originates due to mixing of basaltic and dacitic melts, which originate from fluid-fluxed melting of hybrid mantle consisting of pyroxenite "blobs" in peridotite matrix. The pyroxenite is proposed to form through reaction between mantle wedge and eclogitic melts at shallow mantle depths. Absolute amount of pyroxenite involved in melting could be similar beneath all volcanoes but their relative amount compared to mantle increases toward the slab edge. (B) reaction model implies that slab melting occurs beneath all volcanoes and could be particularly abundant at the slab edge. Eclogite melts leave the slab and interact with the mantle wedge on their rise according to the AFC or flux mantle melting scenario. The average extent of this interaction and increase of liquid mass as expressed in the average compositions of erupted primitive magmas correlate with the length of mantle column, distance from the slab-edge and the thermal state of the mantle wedge. Extent of this interaction is larger beneath the southern Klyuchevskoy Group volcanoes and smaller beneath the northern Shiveluch Group. Short mantle columns can favor incomplete mixing between magmas originating in different parts of the mantle wedge and can explain larger variability of primitive magmas toward the slab edge. Magmas to the north of the slab edge are thought to originate due to short-lived upwelling and decompression melting of fertile mantle. The upwelling could be caused by detachment of slab fragments as discussed in the text. All magmas in the CKD could also interact with the shallow lithosphere. The assimilation of lithospheric material could be particularly large beneath the largest and highly active Kamchatkan volcanoes, where lithosphere could be hotter and melted more easily. deep mantle melts from residual mantle could be facilitated in the case of northern Kamchatka by rapid channeling along deep portions of the Alpha Fracture Zone. Thus, the mantle upwelling driven by the slab detachment was likely a short-lived process, produced very small amounts of magmas and magmatism in northern Kamchatka appears to be decreasing. replacement of the subarc mantle with hot and fertile mantle from depth could however have enhanced melt production beneath the Klyuchevskoy and Shiveluch volcanoes Levin et al. 2002; Portnyagin et al. 2005a ].
The tectonic model described above is applicable to the origin of the most recent magmas in northern Kamchatka. Older rocks from Nachikinsky volcano are significantly less HFSEenriched, medium-K rocks including high Mg# andesites and dacites. The origin of these rocks cannot be explained solely by crustal AFC from parental HFSE-enriched magmas unless the mass of assimilated crustal material highly exceeds the mass of crystallized melt [Portnyagin et al. 2005a] . More likely, the arc-type magmas originated from melting of slabfragments and/or subduction-modified mantle that survived beneath the northern end of CKD into the Quaternary. The decrease of the subduction-related signature with decreasing age in the rocks from Nachikinsky volcano could reflect replacement of a subduction-modified mantle wedge with unmodified asthenosphere and thermo-mechanical erosion of the subducting Pacific slab edge. We speculate further that the erosion might progressively remove material from the slab edge shifting the physical boundary of the slab to the south. The process might affect conditions of magma generation beneath the entire northern segment of the Kamchatka arc, and the temporal changes can likely be assessed through detailed geochemical studies.
CONCLuSIONS
The key observations from our work are regular geochemical changes along the northern segment of the Kamchatka Arc, which were established for major and trace elements, radiogenic (Sr) and stable (O) isotope ratios in primitive (Mg#>0.6) lavas. The geochemical zoning can be explained in light of the recent geophysical data suggesting that the subducting Pacific Plate is torn beneath the Central Kamchatka Depression. Extension of the Bering F.Z. in Kamchatka divides the CKD into two parts, southern and northern, where conditions of magma generation change from subduction-related in the south to non-subduction-related (intraplate-or oceanic-like) in the north. recent magmas erupted north of the Bering F.Z. have very weak to negligible contributions from subducted material and originate through decompression melting of fertile mantle peridotite. Detachment of a fragment of the Pacific Plate (~2 My ago) could have been responsible for triggering shortly lasting mantle upwelling and decompression melting beneath the northern part of Kamchatka, as deeper mantle filled the void left by the sinking slab fragment.
Highly abundant subduction-related volcanism in the southern part, including Shiveluch and Klyuchevskoy Volcanic Groups, originates above the subducting Pacific Plate near its northern edge. Compositions of parental magmas in this region require contribution from at least 3 principle components, which are (i) depleted mantle, (ii) eclogite melts and (iii) slab-derived fluid and/or lithospheric component. In this work we provide first quantitative solution for the mass balance between these components in the primitive magmas of Kamchatka, which is presented in the framework of a number of plausible petrologic scenarios.
The model invoking mixing between basaltic mantlederived melts and dacitic, eclogite-or, more likely, pyroxenite-derived melts suggests similar degrees of fluid-triggered melting of a heterogeneous (pyroxenite + peridotite) mantle source along the arc strike and steadily increasing contribution of the pyroxenite-derived melts toward the slab edge. Pyroxenites are viewed within this model as products of reaction between slab melts and mantle peridotite at shallower depths. Hydrous, slab-derived fluids cannot explain high δ 8 O in many CKD basalts, which can more likely result from massive assimilation of mafic hydrothermally altered lithosphere beneath CKD.
Alternatively, the along-strike geochemical zonation can be explained by a progressively smaller extent of reactive interaction between eclogitic slab melts and mantle wedge toward the slab edge, the process which is largely controlled by mantle temperatures decreasing beneath the CKD from south to north. The composition of basaltic lavas from the most productive southern CKD volcanoes (Tolbachik and Klyuchevskoy) can be readily explained without involvement of slab fluids in magmatic processes and can originate through extensive modification of H 2 O-rich eclogitic melts by interaction with the mantle wedge or through melt-fluxed mantle melting. Contribution from mafic lithosphere beneath Kamchatka might be also required in this scenario to explain the most extreme LILE concentrations and high Sr and O isotope ratios in some CKD lavas.
The involvement of eclogitic melts in magma genesis at distances up to 70 km from the slab edge suggests that the Pacific Plate near the Kamchatka-Aleutian junction could be thermally rejuvenated prior subduction allowing partial slab melting beneath all CKD volcanoes. Although we do not exclude enhanced slab melting at the slab edge, the increasing contribution of slab melts to the northern CKD magmas might be confused by low-temperature peridotite-hydrous melt equilibrium, favoring production of andesitic primary melts. The eclogitic melt signature can be better preserved beneath the northern CKD volcanoes because of smaller amount of assimilated peridotite material, which is required for eclogite melts to achieve equilibrium with mantle peridotite at lower mantle temperatures above the slab edge.
Finally we note that, despite significant progress in our understanding of magma generation processes at the Kamchatka-Aleutian junction, the origin of the outstanding magmatic productivity of the northern Kamchatkan volcanoes on the global scale still remains unanswered on a quantitative basis. The high magmatic output might be facilitated by several competing factors such as high fluid flux, high mantle temperatures, fast mantle turn-over of the mantle wedge, slab melting and remobilization of hydrated arc roots in magmatic processes. It seems very likely however that the fundamental reasons must be casually related to the specific geodynamic situation at the Kamchatka-Aleutian junction. Moreover, enhanced volcanic activity is one of the distinctive features of all regions associated with discontinuities in the subducting plate.
Supplementary Material
This file contains detailed description of modelling approach and working mass-balance equations used in the work: 
General approach
General mass balance equation for CKD primitive magmas is given as
where C i m' refers to concentration of i-element in primitive magma, ΔM, ΔD, ΔF, and ΔL are weight contributions of mantle, dacite melt, slab fluids and lithosphere, respectively, to the composition of primitive magma. Compositional parameters used in the modelling are summarized in Tables S1 and S2.
Mixing (pyroxenite) model (Model 1)
The key observation that serves as the basis of this model is the wide range of major element concentrations in primitive Kamchatkan melts, which can be ascribed to simple mixing between primitive basaltic and dacitic melts occurring in the mantle wedge or lithosphere. Basaltic melts are viewed to originate through fluid flux mantle melting. Dacitic component is considered to originate from non-peridotitic source such as secondary pyroxenite, which could be melted simultaneously with mantle peridotite under hydrous fluid flux, for example, resulting from the breakdown of serpentinites in the deeper portions of the subducting plate.
To describe the "mixing model", the general mass-balance equation ( 
where C i M -concentration of element in mantle source prior melting; F -degree of mantle melting; D i -mantle/melt partition coefficient.
ΔF and ΔL cannot be easily distinguished in this model and thus are accounted as an integral contribution from slab fluid ± lithosphere contributing to the composition of primitive melts:
Combining equations (1-4) we obtain:
Kamchatkan basalts exhibit scattered compositions, which do not allow us to define a unique composition of basaltic end-member in terms of all elements. Magmas originating from relatively fertile mantle sources at H 2 O-undersaturated conditions and total pressures 1.0-1.5 GPa (i.e. below crust in Kamchatka) exhibit a relatively narrow range of SiO 2 (48-52 wt. %) [Hirose and Kawamoto, 1995; Gaetani and Grove, 1998; . A reasonable assumption is therefore that primitive basaltic end-member involved in mixing with dacitic melt has SiO 2 =50 wt% (i.e. at lower SiO 2 limit of real compositions from Kamchatka). SiO 2 concentration in the dacitic component was estimated as ~64 wt%.
Assuming that contribution from fluid and lithosphere (ΔF/L) to the SiO 2 concentration of primitive magma is small ( Figure 9 in the manuscript), the mass balance equation (5) written for SiO 2 in any primitive melt can be solved for the mass fraction of the dacitic component in the mixture with basalt (y). ΔD can then be estimated for any element from y and the composition of the dacite component ( Table 3 in the manuscript). Given the composition of mantle wedge (C i M ) is known (Table S2) , equation (5) can then be solved for F using an incompatible element, whose concentration in the slab fluid is expected to be very low (e.g., Ti or HREE) [e.g., Stolper and Newman, 1994 ]. An excess of the trace element in the magma composition over that estimated to come from the mantle and dacite components (ΔM+ΔD) in equation (2), if it exists, is assigned to the slab fluid ± lithosphere contribution (ΔF/L). As a result, we are able to parameterize the composition of any primitive magma in terms of degree of mantle melting required to produce basaltic end-member (F), absolute amount of dacitic component in the mixture with basalt (y) and relative contribution of dacite (ΔD), mantle (ΔM)and fluid ± lithosphere (ΔF/L) to the trace element budget of primitive magma ( Figure 14 and Table 3 in the manuscript).
This model based on limited number of major and trace elements does not distinguish slab-fluid and lithosphere inputs, which are viewed as single component. If, however, this is done in the future using an expanded number of elements and isotope ratios, the equation (5) can be slightly modified to account for fluid-fluxed melting. The amount and composition of the fluid phase can then be estimated in the way described elsewhere [e.g., Stolper and Newman, 1994; .
Reaction (AFC) model (Model 2A)
This model suggests that primitive dacitic melt is a common component involved in mantle melting beneath all CKD volcanoes, which acts as trigger of mantle melting and principle agent transferring a number of major (e.g., Na) and trace elements (e.g., LILE, REE) from subducting plate to the mantle wedge beneath CKD ( Figure 12 in the manuscript). We suggest that the hydrous dacite melts enter mantle columns above the subducted plate and migrate upward interacting and likely achieving equilibrium with mantle peridotite at P-T conditions in the mantle wedge.
The mass balance equation (1) 
where C i m is the concentration of i-element in mantle melt resulting from interaction of eclogitic (dacitic) melt and mantle wedge.
The reactive interaction of the dacitic melt with mantle peridotite (Model 2A) can be described in terms of assimilationfractional crystallization (AFC) model [DePaolo, 1981] as suggested in works by P. Kelemen and co-workers [e.g., Kelemen, 1995; Kelemen et al. 2003 ]. 
where M o is initial mass of dacitic melt, M is final mass of resultant magma, M a is mass assimilated per unit time, M c is mass crystallized per unit time, other abbreviations are the same as above, φ is liquid mass increase, r is assimilation rate.
Parameters φ and r in the equation (8) were found by assuming ΔF/L=0 and searching for the best fit between concentrations of Nb, Na, Zr, Ti and Y (fluid immobile elements) in resultant melt and volcano averages (Table 3 in the manuscript) using the least-square technique in the Solver utility by Microsoft Excel TM . Excess of trace elements in magma compositions over model melt was assigned to fluid (±lithosphere) contribution (ΔF/L). Relative mantle and dacite contribution to the resultant magma was resolved by estimation of mantle melt composition resulting from the AFC process at given φ and r and assuming that dacitic component has negligible concentrations of all trace elements. As a result, we are able to parameterize primitive magma compositions in terms of relative contribution from mantle, dacite (slab) melt and fluid ± lithosphere to the balance of trace elements in erupted magma and in terms of AFC rate (r) and increase of liquid mass (φ) (model 2A).
We use the composition of dacite component as a proxy of eclogite melt interacting with the mantle wedge. As discussed in section 3.4 of the manuscript, the dacite component itself should be considered as product of reaction between eclogite melt and peridotite at M/M o =1.10-1.25 and M a /M c ~1.05. Thus, estimated parameters of M/M o and F in Table 3 in the manuscript represent minimum values for the case when melting beneath the CKD is triggered by the reaction with pure eclogite melts.
Melt fluxed melting model (Model 2B)
The reaction between eclogite melt and mantle can be alternatively modelled as mantle melting fluxed by the dacite melt (referred to as model 2B in the manuscript). The mass-balance equation is given like in the model 1A (equation 6). C i m can be written as given for open-system melting in Ozawa [2001] or in simplified form assuming batch melting scenario and that the melting was not contemporaneous with addition of dacitic component but followed it [e.g. Stolper and Newman, 1994; . Composition of mantle source metasomatized by x d amount of the dacite component is then given as:
Combining equation (9) with the equation of modal partial melting we obtain:
where x d is an amount of dacite component in the mantle source. Combining equations (6) and (10) (11) were found by searching for the best fit between concentrations of Nb, Na, Zr, Ti and Y in resultant melt and volcano averages using the least-square technique in the Solver utility by Microsoft Excel TM . Excess of trace elements in magma compositions over model melt was assigned to fluid (±lithosphere) contribution (ΔF/L). As a result, we are able to parameterize primitive magma compositions in terms of relative contribution from mantle, dacite (slab) melt and fluid ± lithosphere to the balance of trace elements in erupted magma and in terms degree of melting (F) and amount of dacite in the source (x d ) ( Figure 14 , Table 3 in the manuscript).
Eclogite melting
Melting of eclogite was modelled assuming batch modal melting scenario:
where C i e is concentration of i-element in eclogite melt, C i E is composite eclogite source composed by 80% of MORB and 20% of subducted sediments (Table S2) . Eclogite was assumed to consist of 59% pyroxene, 40% garnet and 1% rutile. Partition coefficients for eclogite melting (D i e ) are from compilation by Kelemen et al. [2003] . Modelling of interaction between eclogite melt and fertile mantle ( Figure 12 in the manuscript) was done by using equation (7). Table S1 [Workman and Hart, 2005] ; D i are bulk partition coefficients during melting of DMM [Workman and Hart, 2005] . Italicized are extrapolated values; D H2O is after Stolper and Newman [1994] . MORB composition is after Sun and McDonough [1989] Sediment composition represents an estimate of local sediments offshore Kamchatka after Plank and Langmuir [1998] ; Composite eclogite is composed by 80% MORB and 20% sediments. Th was not included in our modeling, therefore effect of sediment addition is equivalent to addition of altered MORB and affects mainly Ba and K in composite eclogite D i e are bulk partition coefficients during melting of eclogite composed by 59% pyroxene, 40% garnet and 1% rutile as calculated from compilation of partition coefficients by Kelemen et al [2003] .
